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Although South Africa is well known for its incredible biodiversity, targeted efforts 
are still required to accelerate the discovery and description of the still-unknown 
species in this floristically mega-diverse country. Such targeted efforts would never 
be effective if there is no scientifically-informed knowledge of the extent of the 
country’s biodiversity. In the present study, the data on current knowledge of plant 
richness in the country, expert taxonomists’ opinions, and statistical modelling 
technique was integrated to predict what might still be missing in South Africa’s 
flora. Depending on the approach used, the findings indicate that there currently 
might be 1400-1575 undescribed vascular plant species in South Africa. The current 
estimated value of undescribed vascular plants can be integrated into existing 
information because the value of the unknown vascular plant species generated 
from the model are close to estimates from expert opinion. It would take 
approximately 40-45 years to describe these unknown vascular plant species, this is 
based on the modelling approach. The analysis further reveals that approximately 
Two billion six hundred million Rands to Two billion eight hundred million Rands 
(R 2 600 000 000 – R2 800 000 000). This would require about 280-315 taxonomists to 
describe comprehensively the country’s flora in the current context where both full- 
and part-time taxonomists are committed to biodiversity assessment. This budget 
estimate may appear enormous for less than 2000 species description. It is important 
to highlight that this budget estimate does not correspond to what is required 
specifically for species description. For example, part-time taxonomists, e.g. 
academics, who are key stakeholders in taxonomic activities have other funded 
duties not directly or immediately linked to species description. They do teach, get 
paid a salary for an entire career period, run a laboratory, secure scholarships for 
students, as well as grants for various activities, etc. Such duties are fund-
demanding and could not be detached from their taxonomic duties. Furthermore, we 
must bear in mind that the estimates reported in the present study focus only on the 
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terrestrial ecosystems, specifically vascular plants, and do not account for the 
possibility of taxonomic revision which, on its own, needs to be funded. In addition, 
molecular tools are now key in taxonomy and setting up a molecular laboratory 
requires additional funds that are not considered in the present study. All these 
imply that all estimates reported here are conservative. Overall, our study provides 
an important figure that can inform policy development including funding and 
recruitment strategies of taxonomists to fuel efforts towards a comprehensive 
assessment of the unique South Africa’s biodiversity. 
 
Keywords: Biodiversity, floristically mega-diverse, targeted efforts, scientifically-
informed knowledge, biodiversity assessments, taxonomic activities, species 
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Chapter 1: General Introduction 
 
1.1 Introduction  
How many species are there on Earth? This is an important question for all scientists, 
as it is not possible to conserve biodiversity effectively if we have a biased 
knowledge of the extent of the extant biodiversity (May, 1988; Wilson & Reeder, 
1993; Mora et al., 2011; Larsen et al., 2017). Different studies have explored the 
question and provided different estimates of the number of species on Earth (May 
1988; Wilson 1993; Mora et al., 2011; Larsern et al., 2017). The difference between 
their estimates, is, sometimes huge. For instance, whereas Mora et al., (2011) 
projected that the number of species on Earth is approximately 8.7 million, Larsern 
et al., (2017) estimated the number to 1-6 billion species. This discrepancy is due to 
the differences in the methodological approach and the taxonomic focus of these 
authors. While these studies are assisting us in picturing the extent of biodiversity at 
global scale, the estimate of biodiversity at local scale, e.g. country level, receives 
relatively less attention. This is an important knowledge gap that needs to be 
addressed, given that conservation efforts start from country level towards the 
global conservation effort. The aim of the present dissertation is to estimate the 
nature and extent of resources required to reveal the extent of vascular plant 
diversity in South Africa.  
The present chapter is an introduction to the dissertation. First, the chapter 
introduces the concepts of species richness and its importance as well as the global 
species richness of the Earth as currently predicted. Then, it presents the trend over 
time of species richness in terms of species loss. Next, the chapter presents the 





1.2 Species richness and its importance 
 
The species richness of a geographic region is the number of species found in the 
region and is the basic and most commonly used metric of biodiversity. Species 
richness is ecologically valuable as the more species found in an ecosystem, the more 
productive and stable the ecosystem is (Loreau & Mazancourt, 2013). This is because 
different co-existing species in the ecosystem play complementary roles and 
functions and the addition of these functions drive not only the stability and 
productivity of the ecosystem but also the production of goods and services 
(ecosystem services) that are important for the environment and human well-being 
(Sarukhán et al., 2005; Figure 1.1; Loreau & Mazancourt, 2013). Four types of 
ecosystem services are generally distinguished. These are provisioning services (e.g. 
food, water, and  medicine), regulating services (e.g. regulation of climate, floods, 
disease, wastes, and water quality), cultural services (e.g. recreation, aesthetic 
enjoyment, and spiritual fulfilment) and supporting services (e.g. soil formation, 





Figure 1.1. Different types of ecosystem services (provided by biodiversity) and their 
links to human well-being (Sarukhán et al., 2005). 
 
1.3 What is the species richness of the Earth? 
 
Several studies have investigated the question of how many species  are on Earth 
(e.g. May, 1988; Wilson, 1992; Mora et al., 2011; Larsen et al., 2017) to estimate not 
only species diversity on Earth but also to quantify the remaining efforts to be 
deployed to maximize the chance of discovering and describing currently-unknown 
species. These studies reported strikingly different estimates (Figure 1.2) that are, in 
all cases, dramatically greater than the currently known 1.5 million species (Roskov 
et al., 2014). Early studies variously predicted species richness to be ~100 million 
(e.g., Ehrlich, 1991; Wilson, 1992; Gaston & May, 1992; Lambshead, 1993), 8.7 million 
(Mora et al., 2011) or ~2 million species (Costello et al., 2012). More recent studies 
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escalated the predictions to ~1 trillion (Locey & Lennon, 2016) or 1-6 billion species 
on Earth (Larsen et al., 2017).  
The striking differences in estimates is due to the fact that some studies focus 
preferentially on certain taxonomic groups, and others on different groups and they 
did not use the same predictive tools. For example, Larsen et al. (2017) incorporated 
for the first time morphologically cryptic species discovered through molecular 
analyses, and this increases exponentially the predicted global species richness in 
comparison to previous studies (e.g. Mora et al., 2011; Figure 1.2). Interestingly, even 
with these dramatic changes in predictions, one constant remains across all 
predictions; for example, Mora et al.’s prediction for plant species richness on Earth 
(298,000 species) is similar to the number of plant species currently described, which 
is roughly ~300,000 species (Roskov et al., 2014). In addition, Mora et al.’s (2011) 
predictive model has a strong power (R2 =96%), suggesting that, in a given 
taxonomic level (e.g. genera, families or orders, etc.), 96 out of 100 of its species 
richness are correctly predicted by the model. 
 
Figure 1.2. ‘Pie of Life’ illustrating changes in predicted number of species on Earth. 
  
1.4 Trends in Earth species richness  
 
Although the ecosystem services provided by the biodiversity contribute strongly to 
human well-being (Figure 1.1; Mace et al., 2005; Sarukhán et al., 2005; Daily and 
Matson, 2008; Mace et al., 2012), species providing these services are being lost at an 
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unprecedented rate (Figure 1.3A-D), corresponding to the modern biodiversity crisis 
or the sixth mass extinction (Barnosky et al., 2011; Ceballos et al., 2015). This crisis is 
characterized by an exponential loss of biodiversity, irrespective of the scenarios 
adopted – highly conservative (Figure 1.3A) or conservation method (Figure 1.3B). 
These studies reveal that species loss that occurred in the last 114 years could have 
taken 800 to 10,000 years to go extinct under a scenario of sustainable biodiversity 
management (Ceballos et al., 2015; Figure 1.3C). An overall estimate indicates that 
the current biodiversity loss may be 1,000-10,000 times greater than the background 
rate of species loss (Figure 1.3D, Sarukhán et al., 2005).  
As illustrated in Figure 1.3, the vast majority of studies that demonstrate this 
biodiversity crisis focus on vertebrates. For example, 800 bird species described in 
recent decades in the islands of Oceania went extinct in the last 2,000 years due to 
anthropogenic pressure (Steadman, 2006). In the 1600s, extinctions of various 
vertebrate taxonomic groups (e.g. large mammals, birds, reptiles, amphibians, and 
fishes) were also reported (Hughes et al., 1997; Ceballos et al., 2010; IUCN, 2014; and 
Ceballos & Ehrlich, 2018).  
For plant species, there is less information about the pattern of extinction rate as 
compared to vertebrates and only 5% of described plant species are IUCN-assessed 
for their extinction status (Davies et al., 2011). In addition, among the IUCN-assessed 
plant species, over 70% are at risk of extinction, a much higher proportion than the 
22% reported for vertebrates (Davies et al., 2011). The much conservative estimate of 
species loss suggests that the proportion of at-risk plant species might be similar to 
that of vertebrates (IUCN, 2010). Specific predictions also suggest that some entire 
ecosystems may even go extinct in only 110 years (e.g. mangrove forests) if current 
anthropogenic pressures are maintained on the environment (Polidoro et al., 2010). 
The loss of species is perhaps the most critical concern of our times, given that 
species loss would drive the loss of valuable ecosystem services and thus 
compromising human wellbeing (Dirzo & Raven 2003; Barnosky et al., 2004;  Daily & 
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Matson, 2008; Ceballos et al., 2010; Mace et al., 2012; Ehrlich & Ehrlich, 2013; and 




Figure 1.3. Illustrations of the ongoing biodiversity crisis. Current species loss is 
greater than the background rate irrespective of whether we use a highly 
conservative (A) or a conservative approach (B). Species loss witnessed in the last 
114 years would have taken between 800 and 10,000 years in absence of human 
pressures (C; Ceballos et al., 2015), and overall species loss is 1,000-10,000 greater 




1.5 Justification of the present study 
 
In light of the alarming statistics of biodiversity crisis discussed in section 1.4, pre-
emptive and urgent actions are required to prevent species loss at all cost. However, 
how can such actions take place in an effective way if we have limited knowledge of 
the extent of existing species diversity? More concerning is the fact that currently-
  A         B 
 




known extinction rate may be greater than the reality because several unknown 
species are undoubtedly sliding into extinction unnoticed, and we would not be able 
to account for them in our current estimate of the extent of biodiversity crisis since 
these species are not known to science. This calls for strong commitments to estimate 
the potential number of currently unknown species so that appropriate efforts 
(number of taxonomists, funds, time, and resources required) can be estimated, 
planned for, and deployed (Álvarez‐Presas et al., 2011; Mora et al., 2011). Given the 
ongoing biodiversity crisis and the tremendous ecosystem services that may be at 
risk (due to loss of biodiversity), integrating taxonomic efforts into policy 
development documents becomes a national priority for all countries, particularly 
those that are known as megadiverse, e.g. South Africa, due to their incredible 
species richness.   
South Africa has about 24,000 plant species and is a home to 10% of the world’s plant 
species richness (Rouget et al., 2004, SANBI, 2007) with more than 50% being 
endemic plant species. The terrestrial vegetation is classified into nine (09) biomes, 
such which include the Albany thicket, Dessert Forest, Fynbos, Grassland, Indian 
Ocean coastal belt, Nama Karoo, Savannah and Succulent Karoo (Mucina et al., 
2006). Furthermore, from the six renowned global floral kingdoms, South Africa 
hosts one which is known as Cape Floral Kingdom. This Floral Kingdom is deemed 
the smallest, richest and the most threatened of all (Rouget et al., 2004, DEAT, 2006). 
Moreover, South Africa also has three recognised biodiversity hotspots i.e. the Cape 
Floristic Region, the Succulent Karoo and the Maputaland-Pondoland-Albany 
hotspot (Rouget et al., 2004). 
 Unfortunately, 9% of South African plants are threatened, and these threatened 
plants are mostly found in the fynbos biome (DEAT, 2006). In addition, an early 
assessment of 427 vegetation types revealed that 5% of them are critically 
endangered, 12% are endangered and 16% are vulnerable, mostly in the Cape 
Floristic Region (Diver et al., 2005). This South African context of plant and biome 
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conservation status means that there is a need to accelerate taxonomic assessment so 
that measures and plans can be put in place for their conservation. Although South 
Africa has a long rich history of taxonomic assessment, "there is still a need for 
further exploration of South Africa’s biodiversity, so that improved foundational 
biodiversity information can be provided to end-users" (Victor et al., 2016). Efforts 
towards such improvement cannot be done randomly; they have to be focused, 
prioritized and informed with knowledge of what potentially remains to be 
discovered and described (in term of unknown species). In response to these 
requirements, the present study aims to estimate not only the number of unknown 
vascular plant species in South Africa’s flora but also the efforts required for a 
comprehensive botanical assessment of the mega-diverse South Africa. 
 
1.6 Aim and objectives 
  
The aim of this study is to estimate the nature and extent of resources required to 
reveal the extent of vascular plant diversity in South Africa. To reach this aim, two 
objectives are set: 
i) To predict the number of unknown vascular plant species in South Africa and 
ii) To determine the efforts required (time, funds, number of taxonomists) to 








Chapter 2: Literature review  
2.1  Biodiversity  
2.1.1 Definition of biodiversity 
Biodiversity is defined as all life on earth, from the genes in the cells of each 
individual plant, animal, or fungi, to the species themselves and the ecosystems in 
which they live in (Figure 2.1: IUCN, 2019). The living species can be described by 
different dimensions such as their taxonomic, ecological, and genetic diversity. The 
manner in which these dimensions of diversity differ over time and space is an 
important feature of biodiversity. The three primary types of biodiversity are 
ecological diversity, genetic diversity, and species diversity (MEA, 2005; Fox, 2006). 
 
Figure 2.1. An illustration of biodiversity, plant diversity (IUCN, 2019). 
 
Ecological diversity alludes to the many-sided organization of various species 
present in neighbourhood environments and the powerful transaction between them 
(Fox, 2006). This proposes that, as a component of biodiversity, various organic 
entities need to figure out how to live and cooperate inside a particular biological 
system (Mace et al., 2012; Tedersoo et al., 2014). This takes into consideration how 
these different species affect each other in the way of matter, nutrients, and even 
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energy (Mace et al., 2012). Ecological diversity, therefore, focuses on how these 
different organisms in the same ecosystem interact with one another, and how they 
either positively or negatively affect each other (Fox, 2006). 
Genetic diversity refers to the transformative relationship that exists between 
organisms: the closer two species are genetically, the more hereditary data they 
exchange and the more comparative they appear; however, not all species are 
hereditarily similar (Hamrick and Godt, 1996; Burns and Strauss, 2011). Throughout 
the planet, there must be genetic diversity. If all species were genetically similar, 
there would not be much diversity at all. According to Fox (2006) species are the 
basic units of biological classification and thus the normal measure of biological 
diversity. Species diversity is an important part of biodiversity; the more species that 
live and co-exist in one area, the more biodiverse the area as well as its ecosystem 
(Hamilton, 2005). 
 
2.1.2  Importance of Biodiversity conservation  
Firstly, biodiversity is critical in reducing the effects of climate change. Nature is 
thought to be capable of supplying 30% of the solution to climate change (Bellard et 
al., 2012). Each ecosystem has various layers, with each organism playing an 
important role in the ecosystem (Olsson & Folke, 2001). When one component of 
biodiversity is lost or disturbed, it affects all other parts. When the biodiversity is 
maintained and sustained, it holds the average global temperature below 20C 
(Bellard et al.,2012). The negative impacts of climate change are lessened when the 
planet is less warm (Bellard et al., 2012). 
Second, biodiversity offers ecosystem services. Ecosystem services are divided into 
four categories: provisioning, regulating, cultural, and supporting services (Daily, 
2003; MEA, 2005; Balvanera et al., 2006). Meat, water, timber, medicine, and fiber are 
among the provisioning services. Climate, storms, disease, pollution, and water 
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quality are among the regulating services (Daily, 2003; MEA, 2005). Supporting 
services include soil growth, photosynthesis, and nutrient cycling, while cultural 
services include leisure, aesthetic pleasure, and spiritual fulfilment. Many of these 
ecological resources would be inaccessible if biodiversity is lost (Daily, 2003; MEA, 
2005). Finally, biodiversity has become an important part of the identity of various 
cultures and nations (Hammerschlag & Gallagher, 2017). It's about more than just 
nutrition; it's also about symbolism and functionality. 
 
2.1.3 Biodiversity crisis: The sixth Mass Extinction  
Despite the importance of biodiversity in natural and human environment, the lack 
of rapid biodiversity conservation has led to a biodiversity crisis (Singh, 2002). The 
present rate of species extinction is 1000–10,000 times higher than the normal rate of 
7-10 species yearly (Singh, 2002). Today we appear to lose two to five species per 
hour from tropical forests that adds up to 16 million tropical forest population lost 
for every year, 1800 populations for every hour (Singh, 2012). Studies show that we 
have entered a period of mass extinction and have changed 50% of the habitable 
surface of the earth, weakening and destroying several biological systems (Singh, 
2012). If the current situation does not change then we are expected to lose about 
20% of all species within 30 years and approximately 50% by the end of the 21st 
century (Araújo et al., 2004). Scientists estimate that around 200 species on Earth 
become extinct every 24 hours (Araújo et al., 2004). This is an alarming issue because 
biodiversity provides a number of valuable ecosystem services to people 
(Silvertown, 2015). The ongoing mass extinction can be avoided or slowed-down by 
improving taxonomic and conservation efforts: the present study seeks to contribute 




2.2 Taxonomy  
2.2.1 Definition of taxonomy 
Taxonomy is the science of naming, describing, and classifying organisms (Simpson, 
1961; May, 1990; Godfray, 2002). Using morphological, behavioural, genetic, and 
biochemical observations, taxonomists identify, describe, and arrange species into 
classifications, including those that are new to science (Godfray, 2002). Taxonomy 
helps to ascertain the number of living beings on Earth with an aim to classify the 
living organisms (May, 1990; Godfray, 2002). Millions of organisms are classified 
scientifically in categories, which helps to have a better understanding of the 
biodiversity (Berlin, 2014). Fundamentally, taxonomy gives all useful information of 
local fauna and flora, thus helping to distinguish the endemic species (Winston, 
1999; Berlin, 2014). 
2.2.2 Taxonomic impediments 
Taxonomic information is an important element of biodiversity conservation that 
provides Ecologists with crucial information for monitoring of ecosystems. This 
information is used in modelling to determine and predict future changes in 
biodiversity and the efforts required for biodiversity conservation (Lausch et al., 
2016). The Convention on Biodiversity Diversity (CBD) was signed at the 1992 Earth 
Summit in Rio de Janeiro, offering an opportunity for policymakers to present key 
problems and threats to biodiversity, as well as the issue of insufficient information 
on biological diversity. The taxonomic impediment, which consists of huge 
disparities in taxonomic information, a lack of taxonomic facilities, and the 
diminishing number of taxonomist (Cragg et al., 2012). 
 In their study, Costello & Wilson (2011) discovered that since the 1920’s fewer 
species were described per author, suggesting that it has become more difficult to 
discover new species. However, the study did not reveal evidence of any change in 
individual effort by taxonomists (Costello & Wilson, 2011). A study by Gaston & 
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May (1992) predicted that taxonomy is due for a decline after the high peak in the 
1920’s (Gaston & May, 1992). Years later, taxonomic impediments are still a call for 
concern. For example, Mora et al. (2011) received 548 responses after polling 2938 
taxonomic experts in which 79% of the respondents gave the impression that the 
number of professional taxonomists is decreasing in their field of expertise and 
highlighted that this would affect the ability to close the knowledge gap regarding 
biodiversity. This is because when the number of taxonomists declines the numbers 
of species described over time generally declines (Joppa et al., 2011). 
It seems that these taxonomic impediments are a global problem, which are also 
significant at local regions (e.g. South Africa). Victor et al. (2015a) highlighted that 
South Africa does not have enough capacity to study its biodiversity. The study 
identified that over the past 34 years, South Africa has trained 34 taxonomists and 
this number aligned with number of plant taxa described during that period (Figure 
2.2: Victor et al., 2015a). A review of capacity for plant taxonomic research in South 
Africa (Victor et al., 2015a) concluded that there is a severe shortage of capacity 
available in South Africa to manage the country’s diverse flora in terms of taxonomy 
and provision of foundational information. The following was evident from this 
review: vast areas of the country remain under explored; many plant taxa are under-
represented in herbarium collections; and certain families have abnormally high 
levels of taxonomic problems (Victor & Smith, 2011). As stated by Victor et al. 
(2015a), a solution to providing future capacity for taxonomic research in South 
African National Biodiversity Institute (SANBI) is for scientists to mentor interested 





Figure 2.2. The number of plant taxa identified over the past 34 years (Victor et al., 
2015a). 
 
Globally, there is insufficient taxonomic capacity to keep abreast of the rate of new 
discoveries of living organisms; this requires an enhanced ability to deal with the 
outputs of current fieldwork (Crane & Pleasants, 2006). Museums and herbaria 
already contain numerous unnamed species that await description (Crane & 
Pleasants, 2006). This taxonomic obstacle to conservation and management of the 
world's biodiversity has attracted the attention of the Conference of Parties to the 
Convention on Biological Diversity (CBD, 2007), resulting in the creation of the 
Global Taxonomy Initiative (GTI). The aim of the GTI is to 'underpin decision-
making on the conservation of biological diversity, sustainable use of its 
components, and equitable sharing of the benefits derived from the utilization of 
genetic resources' and deals with the taxonomic information required by 
participating countries (Samper, 2004). 
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2.3 Global efforts to estimate species 
2.3.1 Various methodological approaches used 
The global estimate of the total number of species is approximately 3-100 million and 
this was predicted based on the opinion of expert taxonomists (Camilo et al., 2011). 
Though these estimates are a mere representation of the superficial boundaries of the 
total number of species, there is controversy on the methods used by these experts 
(Mora et al., 2011). The controversy arises from the fact that the methods used by 
taxonomy experts has limited empirical basis and subjectivity (Table 2.1; Bramwell, 
2002). In most instances, studies make use of macroecological patterns while others 
make use of biodiversity ratios to improve the estimate of the total number of 
species. Most of these methods focus on specific groups such as insects, large 
organisms, and plants (Bramwell, 2002). In plants, some of the taxa are not 
extensively studied; ultimately, this highlights a noteworthy gap in the knowledge 
of life on Earth (Mora et al., 2011). 
 
Table 2.1: Historical methods to predict the size of global biodiversity 
Case study Limitations  
Macroecological patterns 
Body size frequency distributions. By 
extrapolation from the frequency of large to 
small species, May (1988) estimated 10 to 50 
million species of animals 
May (1988) suggested that there was no reason 
to expect a simple scaling law from large to 
small species. Further studies confirmed 
different modes of evolution among small 
species and inconsistent body size frequency 
distributions among taxa (Gaston & Blackburn, 
2000). 
Latitudinal gradients in species. By 
extrapolation from the better-sampled 
temperate regions to the tropics, Raven (1985) 
estimated 3 to 5 million species of large 
May (2010) questioned the assumption that 
temperate regions were better sampled than 
tropical ones; the approach also assumed 
consistent diversity gradients across taxa which 
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organisms. is not factual (Gaston & Blackburn, 2000). 
Species-area relationships. By extrapolation 
from the number of species in deep-sea samples, 
Grassle & Maciolek (1992) estimated that the 
world’s deep seafloor could contain up to 10 
million species. 
Lambshead & Bouchet (2003) questioned this 
estimation by showing that high local diversity 
in the deep sea does not necessarily reflect high 
global biodiversity given low species turnover. 
Diversity ratios 
Ratios between taxa. By assuming a global 6:1 
ratio of fungi to vascular plants and that there 
are 270 000 species of vascular plants, 
Hawksworth (1991) estimated 1.6 million fungi 
species. 
Ratio-like approaches have been heavily 
critiqued because, given known patterns of 
species turnover, locally estimated ratios 
between taxa may or may not be consistent at 
the global scale (Stocks, 1993; Lambshead & 
Boucher, 2003) and because at least one group of 
organisms should be well known at the global 
scale, which may not always be true (Gaston, 
1991). Bouchet (2006) elegantly demonstrated 
the shortcomings of ratio-based approaches by 
showing how even for a well inventoried 
marine region, the ratio of fishes to total 
multicellular organisms would yield 0.5 million 
global marine species whereas the ratio of 
Brachyura to total multicellular organisms in the 
same sampled region would yield 1.5 million 
species. 
Host-specificity and spatial ratios. Given 50,000 
known species of tropical trees and assuming a 
5:1 ratio of host beetles to trees, that beetles 
represent 40% of the canopy arthropods, and 
that the canopy has twice the species of the 
ground, Erwin (1982) estimated 30 million 
species of arthropods in the tropics. 
 
Known to unknown ratios. Hodkinson & 
Casson (1991) estimated that 62.5% of the bug 




unknown; by assuming that 7.5%–10% of the 
global diversity of insects is bugs, they 
estimated between 1.84 and 2.57 million species 
of insects globally. 
Taxonomic patterns 
Time-species accumulation curves. By 
extrapolation from the discovery record it was 
estimated that there are,19,800 species of marine 
fishes (Mora et al., 2008) and 11 997 birds 
(Bebber et al., 2007)  
This approach is not widely applicable because 
it requires species accumulation curves to 
approach asymptotic levels, which is only true 
for a small number of well-described taxa (Mora 
et al., 2008; Bebber et al., 2007) 
Authors-species accumulation curves. 
Modelling the number of authors describing 
species over time allowed researchers to 
estimate that the proportion of flowering plants 
yet to be discovered is 13% to 18% (Joppa et., 
2010). 
This is a very recent method and the effect of a 
number of assumptions remains to be 
evaluated. One is the extent to which the 
description of new species is shifting from using 
taxonomic expertise alone to relying on 
molecular methods, particularly among small 
organisms (Lopez-Garcia & Moreira, 2008)  and 
the other is that not all authors listed on a 
manuscript are taxonomic experts, particularly 
in recent times when the number of co-authors 
per taxa described is increasing (Joppa et al., 
2010; Gribb & Bray, 2011), which could be due 
to more collaborative research (Gribb & Bray, 
2011) and the acknowledgment of technicians, 
field assistants, specimen collectors, and so on 
as co-authors (Philippe Bouchet, personal 
communication). 
Analysis of expert estimations. Estimates of 5 
million species of insects (Gaston, 1991) and 200 
000 marine species (Briggs & Snelgrove, 1999) 
were arrived at by compiling opinion-based 
estimates from taxonomic experts. Robustness 
in the estimations is assumed from the 
consistency of responses among different 
Erwin (1991) labelled this approach as ‘‘non-
scientific’’ due to a lack of verification. 
Estimates can vary widely, even those of a 
single expert (Erwin, 1991; Bouchet, 2006). 
Bouchet (2006) argues that expert estimations 
are often passed on from one expert to another 
and therefore a robust estimation could be the 
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experts. ‘‘same guess copied again and again’’. 
 
2.3.2 Global estimates of species  
Historically, studies regarding species mainly focused on species that had 
agricultural value or were of medicinal importance (Dirzo & Raven, 2003). The 
concern was on species that had economic importance as opposed to recognizing 
that every species has an ecological importance (Stork, 1993). The questions on the 
impact of environmental change on biodiversity are rather current, the past rate of 
species extinction is estimated as 17 500-35 000 which indicate that a species is likely 
to be extinct before it is described (Stork, 1993). A conclusion can be drawn of the 
importance to identify and describe all species (Dirzo & Raven, 2003). Recently, a 
number of studies have focused on estimating all species on Earth regardless of their 
agricultural or medicinal importance.  
To date, almost 1.3 million species have been identified and described, with 303 000 
species estimated to be plants but there are many more species that live on Earth 
(Mora et al., 2011). Another research estimated that there are 1.8–2.0 million 
organisms on Earth, with only 0.3 million of those being marine, which is slightly 
lower than previous estimates (Mark et al., 2011). The trend in species description of 
marine to terrestrial species described is higher, this is an indicator that oceans are 
less explored (Figure 2.3; Costello & Wilson, 2011). 
The prediction of 8.7 million species on Earth (Mora et al., 2011) reveal that only 15% 
of all the organisms that live on Earth have been described. There are 85% of the 
terrestrial species to be described (Scholes, 2016). This is a basis for apprehension 
because the statistics regarding the biodiversity crisis is only for the known species, 
there is a whole 85 % of species that are unknown and are being lost (Silvertown, 
2015). The fact that species are disappearing before they have been identified and 
describe, and their possible uses and roles have not been determined, advocates on 
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the need to take a precautionary approach. There is need for rapid targeted efforts to 
identify and describe these unknown species (Singh, 2012). 
 
Figure 2.3. The number of species described each year (dashed line) and (solid line) 
databases as (a. upper panel) cumulative and (b. lower panel) actual number of 
species, up to the year 2000 (Costello & Wilson, 2011). 
 
2.3.3 Efforts required for describing species 
The taxonomic efforts required for species identification and description include; 
time it takes to identify and describe species, the funds required, from salaries of 
taxonomists to costs of running a taxonomy lab, and the number of taxonomists 
needed. In their study, Mora et al., (2011) attempted to quantify the efforts required 
to conserve all the species missing on Earth by using expert opinion as well as 
statistical modelling approach. Similarly, Carbayo & Marques (2017) estimated the 
resources required to conserve the animal diversity of Brazil. To achieve this goal, 
they used Brazilian expenditure over their respective career periods as taxonomist 
(Carbayo & Marques, 2011). The data on expenditure include all cost from training 
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to be taxonomists, salary, funds/grants obtained for taxonomic work as well as the 
cost of maintaining or running taxonomy laboratories (Carbayo & Marques, 2011). 
Their data was derived from a survey of 44 full time taxonomists (almost 9% of the 
Brazilian community of employed and doctoral taxonomists.  
The data revealed a species description rate of 24.8 species per taxonomist during his 
or her career, with an average expenditure of US$ 97,000 per year (Carbayo & 
Marques, 2011). Therefore, the total cost to describe unknown animal diversity in 
Brazil is estimated to be US$ 263 billion. Then it was estimated that it would take 
1200 years and 303 000 taxonomists as well as approximately US$364 billion to reach 
the goal of revealing the extent of the unknown species on Earth (Mora et al., 2011). 
However, several studies have pointed out that efforts to estimate global 
phenomenon may actually overlook important patterns at local scale (e.g. Huang et 
al. 2011). Even if the Mora et al. (2011) estimated efforts were accurate, decisions to 
deploy these efforts still need to be taken at local scale similar to what the Brazil 
study did (Carbayo & Marques, 2011) and what the current study intends to do by 
focusing on efforts for South African vascular plant diversity.  
 
2.4 South Africa  
 
2.4.1  South Africa’s plant diversity 
South Africa is the 3rd most diverse place on earth and the only country that hosts an 
entire plant kingdom (Cape Floral Kingdom) within its borders and has three 
biodiversity hotspots (Germishuizen et al., 2006). South Africa is a key contributor to 
the global diversity with 24 000 vascular plants which makes up 10% of the world's 
flowering species (Mucina, & Rutherford, 2006). The floral diversity of South Africa 
is beautiful (Figure 2.4; SANBI, 2020) and it attracts tourists from all parts of the 
world. Unfortunately, the plant biodiversity of South Africa faces challenges due to 
various reasons including lack of funding for species description and revisions 
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(Jürgens et al., 2012; Burgin et al., 2018. The biodiversity crisis has a negative impact 
on the rich biodiversity of South Africa and this biodiversity cannot be conserved if 
its extent is not known (Simon, 2015).  
 
Figure 2.4. An image compilation of some of the flowering diversity at the Cape 
Floral Kingdom (sanbi.org/kirstenbochnaturalvegetation) 
 
2.4.2 History of the documentation of South Africa’s plant diversity 
Justus Heurnius, a German missionary prompted an interest in South Africa’s flora 
when he did his first collections in 1644. This brought interest in the region’s 
botanical potential and it raised a lot of curiosity. The work of Mr Heurnius 
contributed to exploration of the medicinal and economic importance of plants 
found in South Africa, marking the initial phase of naming, and describing plants 
(Jones & Luchsinger, 1987).  
In 1652, Jan van Riebeeck, first governor at the Cape, had a master gardener from 
Amsterdam, Hendrick H. Boom, to assist with creating a garden for provision of 
fresh food for passing sailors. In what became known as the Company’s Garden 
(Karsten, 1951), indigenous plants were also cultivated to ascertain medicinal 
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properties, and later for their economic importance. Figure 2.5 below is a 
summarized key timeline of historical taxonomic journey in South Africa.  
 
Figure 2.5. Timeline of event in South Africa’s plant biodiversity exploration, 1600-
1944 (Victor et al., 2015a). 
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In South Africa there are several initiatives that contribute to biodiversity 
conservation through taxonomy such as the Southern African Botanical Diversity 
Network (SABONET) which started in 1996 under the guidance of Huntley and 
Smith (Huntley et al. 2002; Siebert & Smith 2003). The project had an enormous 
impact on confirming the relevance of herbaria and botanical gardens, not only in 
southern Africa, but also globally (Sierbert & Smith, 2003). This project, which was 
funded by the Global Environment Facility, through the United Nations 
Development Programme (UNDP), in 10 southern African countries, supported 
postgraduate studies of 26 students, and arranged training courses and workshops 
for over 180 southern African botanists (Victor et al., 2015a). 
Then, the establishment of the South African Society for Systematic Biology (SASSB) 
was preceded by a workshop that took place on 14 January 1998 at the Kirstenbosch 
Research Centre, and this was attended by 64 systematists from 40 institutions 
(Victor et al., 2015b). Following this event, a comprehensive survey of the current 
state and needs of biological collections and expertise in South Africa was 
undertaken with preliminary results presented later in the year. SANBI was 
established on the 01 September 2004 (Figure 2.6; Victor et al., 2015a). The mandate 
of the South African National Biodiversity Institute (SANBI, 2004), which comes 
from the National Environmental Management: Biodiversity Act No. 10 of 2004: 
Section 11, includes responsibilities to:  
• Coordinate and promote the taxonomy of South Africa’s biodiversity, 
• Collect, generate, process, coordinate and disseminate information about 
biodiversity, 





Figure 2.6. Timeline of event in South Africa’s plant biodiversity exploration, 1951-




Chapter 3: Methodology 
3.1  Study area 
 
3.1.1 Geographic location  
 
South Africa is made up of nine administratively delimited provinces: Gauteng, 
Limpopo, KwaZulu Natal, North West, Eastern Cape, Western Cape, Free State, 
Northern Cape, and Mpumalanga. It is situated on the southernmost tip of the 
African continent (Figure 3.1). (Khosa & Muthien, 1997). The land area of South 
Africa is 1 219 602 km2, with latitudes ranging from 22 to 22°S to 35°S and longitudes 




Figure 3.1. Location map of South Africa. 
  
3.1.2  Climate  
South Africa is a moderately dry country with an irregular spatial distribution of 
rainfall, and approximately 67% of the country receives less than 500 mm annual 
rainfall (King et al. 2011). Most of the country has warm sunny days and cool nights 
whereas rainfall generally occurs during summer, although around Cape Town, 
rainfall occurs in winter (Tyson & Preston-Whyte, 2000). South Africa's climatic 
conditions generally range from Mediterranean in the southwestern corner of the 
country (Figure 3.2; Alexander, 2019), to subtropical in the northeast corner (Braun et 
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al. 2017). This climate correlates with the diversity in flora as well as the vegetation 
type of South Africa. 
 
Figure 3.2. Climate Map of South Africa (Alexander, 2019). 
 
3.1.3 Vegetation and biomes of South Africa 
 
South Africa’s vegetation is delimited into nine biomes (Figure 3.3), which share 
distinct floristic characteristics (Rutherford et al., 2012). The nine major biomes 
(Nama-Karoo, Succulent Karoo, Fynbos, Forest, Albany Thicket, Savannah, Dessert, 
Indian Ocean Coastal Belt, and Grassland) have an extremely diverse composition in 
terms of vegetation types (Rutherford et al., 2006). There are three large biomes, 
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namely Savannah, Grassland and Nama-Karoo, which together account for nearly 
80% of the total Southern African region, while Desert and Forest, together 
constitute less than 1% of Southern African region and the remaining four biomes   
constitute approximately 19% of the Southern African region (Figure 3.3; Rutherford 
et al., 2006). 
 
Figure 3.3. A map of South Africa's biomes (Rutherford et al., 2006). 
 
The Savannah biome is South Africa's largest biome, covering 46% of its region 
(Southern Africa) and more than one-third (approximately 32.5%) of South Africa's 
area (Figure 3.4, Rutherford et al. 2006). It contains a grassy surface layer (Figure 3.5) 
and a distinct top layer of woody plants (Scholes & Hall, 1996). The Savannah biome 
is characterized by an extensive cover of grasses with scattered trees (Sage, 2004). It 
is a transitional biome between those dominated by forests and those dominated by 
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grasses (Scholes & Holes, 1996). The Savannah biome is associated with climates 
having seasonal precipitation accompanied with a seasonal drought. (Shcoles & Hall, 
1996; Keeley & Rundel, 2005). Summer rainfall is important for the dominance of 
grass which fuel near-annual fires with its fine content (Sage, 2004; Beckage et al., 
2009). 
 
Figure 3.4. South Africa’s relative proportion of biomes (Rutherford et al. 2006). 
 
 
Figure 3.5. An image of the Savannah biome (pza.sanbi.org/savanna). 
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The Grassland biome is the second largest biome, it accounts for 29.7% of the biome 
proportion and is found mostly on South Africa's high central plains, and the 
KwaZulu Natal and the Eastern Cape inland regions (Petersen & Holness, 2011). The 
topography is predominantly flat and rising but contains the escarpment. Trees, 
except in a few scattered areas, are absent (Figure 3.6). There are two types of grass 
plants: sweet grasses which have a lower fiber content, retain their nutrients in the 
winter leaves (Linder, 2003); sour grasses which have a higher fiber content and 
during the winter they appear to extract their nutrients from the leaves (Linder, 
2003). Throughout the biome, C4 grasses dominate, except at the highest altitudes 
where C3 grasses become predominant (Sage & Kubien, 2003). 
 
Figure 3.6. An image of the Grassland biome (pza.sanbi.org/grassland). 
 
The Nama-Karoo (Figure 3.7) covers approximately 20,5% of South Africa and is the 
third largest biome which covers over 260 000 km2 (Mucina & Rutherford, 2006; 
Petersen & Holness, 2011). It stretches across the vast central plateau of the western 
part of the country (Mucina & Rutherford, 2006). Nama-Karoo is a semi-desert that 
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receives between 200- and 400-mm average rainfall per year (Palmer & Hoffman, 
1997). The climatic conditions allow limited plants to grow, most being deciduous 
low shrubs and grasses which are, for example, Sweet Thorn (Vachellia karroo), which 
are normally found along rivers or rocky hillsides. Unlike the Savanna biome, 
Nama-Karoo had never had a variety of wildlife, but past vast herds of Springbok 
used to migrate through the region in search of water and grazing (Sage & Kubien, 
2003). 
 
Figure 3.7. An image of the Nama-Karoo biome (pza.sanbi.org/namakaroo). 
 
The Succulent Karoo, including desert, covers approximately 83 000 km2 which is 
7,5% the country’s coverage (DEAT & SANBI, 2009. The arid parts of the western 
South Africa, including Namaqualand and Richtersveld (DEAT & SANBI, 2009).  
The region is extremely dry in summer and the temperature often rises above 400C 
but in winter rain falls, it varies from 20 to 290 mm per year (Kraai, 2010).  
The Succulent Karoo has the largest number of succulent plants in the world for a 
region of its size, most of these plants are very tiny, like the stone plants (Mucina et 
al., 2006). Plants in the Succulent Karoo are adapted to survive extremely dry 
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summers (Driver et al., 2003). Much of the biome occupies a flat to gently undulating 
plateau, with some mountainous and "rough" veld (Figure 3.8), mainly situated to 
the west and south of the escarpment, and north of the Cape Fold Belt (Cowling et 
al., 1999).  
 
 
Figure 3.8.  An image of the Succulent-Karoo biome (pza.sanbi.org/succulentkaroo). 
 
The desert biome (Figure 3.9) in South Africa is found in a small area in the 
northwest part of South Africa, mostly in the Springbokvlakte area of the 
Richtersveld in the lower Orange River valley (Rutherford, 1997). In terms of 
climatic conditions, this biome gets much of its rainfall in summer rainfall, but with 
high levels of summer aridity (Steenkamp et al., 2008). Annual plants and drought 




Figure 3.9. An image of the Desert biome (pza.sanbi.org/desert). 
 
Forest is South Africa's smallest biome, occupying just about 0.1% of the country's 
surface area, or about 1 062 km2 (Von Maltitz et al., 2003; Midgley et al., 2008; DEA, 
2010). Forests are found from sea level to above 2000 metres, and they grow in areas 
with high rainfall and no frost (Midgley et., 1995; Kraai, 2010). The forest canopy 
cover is continuous, consisting mainly of evergreen trees, and underneath is multi-
layered vegetation (Figure 3.10). Herbaceous plants are only common in the 
montane forests, particularly ferns, whereas lianas and epiphytes are common 
throughout (Mucina et al., 2006).  
The Knysna and Tsitsikamma Forests in the southern Cape are the largest and most 
common forests in South Africa; most other woods are small and isolated (DEAT, 
2003). They include KwaZulu-raise Natal's forests as well as mountain woodlands 
such as those found on the slants of Table Mountain and the Drakensberg (DEAT, 
2003). Yellowwood, stinkwood, and ironwood trees, as well as climbers and 




Figure 3.10. An image of the Forest biome (pza.sanbi.org/forest). 
 
The Thicket biome can be found from the west coast to KwaZulu Natal, with the 
Eastern Cape accounting for a significant portion of the biome (CEPF, 2010). It covers 
nearly 31 500 km2 of South Africa's region, accounting for 2.5 percent of the 
country's total area (CEPF, 2010). The brush biome is overwhelmingly located where 
annual precipitation varies between 200 and 1,050 mm (Vlok et al, 2003), in deeply 
and moderately ripe soils, and in fire-protected areas. The vegetation ranges from 
bushland to low backwoods (Figure 3.11), with many evergreen and delicious trees 




Figure 3.11.  An image of the Thicket biome (pza.sanbi.org/thicket) 
 
The Indian Ocean Coastal Belt contains a display of coastal dunes and coastal grassy 
plains (Kraai, 2010; Mucina et al., 2006). This biome occurs in KwaZulu-Natal and 
the Eastern Cape, from sea level to an altitude of about 600 m (Kraai, 2010). Rain is 
experienced throughout the year, peaking in summer, with mean annual rainfall 
ranging from 819 to 1,272 mm (Kraai, 2010; Mucina et al., 2006). The vegetation 
landscape features flat coastal plain (Figure 3.12), with non-forest plant communities 





Figure 3.12. An image of the Indian Ocean Coastal Belt, Wild Coast Eastern Cape 
(pza.sanbi.org/indianoceancoastalbelt). 
 
The Fynbos biome only occupies 0.04% area in a small crescent of the Western Cape 
province. It is home to at least 8 700 plant species, 68% of these plant species are 
endemic plant species (Mucina & Rutherford, 2006). Some find the Fynbos Biome to 
be synonymous with Cape Floral Kingdom, but it corresponds only to the two major 
vegetation groups (Fynbos and Renosterveld) within the Southern African region 
(Spetch & Moll, 1983; Manning & Coldblatt, 2012). The fynbos is dominated by a 
wide variety of shrubs and grass-like restios (Figure 3.13), but lacks tree and grass 





Figure 3.43. An image of the Fynbos biome (pza.sanbi.org/fynbos). 
 
The Cape Floral Kingdom is the smallest of the world's six floral kingdoms, and the 
only one found within a single country in its entirety, South Africa (Germishuizen et 
al., 2006; Manning & Goldblatt, 2012). The Cape Floral Kingdom contrasts with some 
of the world's richest vegetation (Figure 3.14), surpassing other tropical forest 
regions in their floral diversity. 
 South Africa’s floral diversity constitutes more than 24,000 indigenous seed plants, 
of which approximately 13 000 are endemic plants species, from almost 230 different 
families (Germishuizen et al., 2006), and it harbours 10% of the world's flowering 
species, making it a major contributor to the global floristic diversity (Jürgens et al., 
2012). More than one third of the 24,000 plant species occur in the Cape Floral 
Kingdom, although the Kingdom occupies less than 6% of the country's area. This 





Figure 3.14. An image  of the fynbos vegetation of the Cape Floristic Region(fauna-
flora.org/capefloralkingdom). 
 
All these different biomes are evident of the high floristic diversity of South Africa. 
As showed in Figures 2.3 and 2.4, tremendous efforts have been committed to 
describing the floristic diversity of the country, leading to the documentation of 
approximately 24,000 vascular plants. However, evidence points to more species to 
be described, especially from biomes that are relatively less explored botanically, e.g. 
Indian Ocean costal Belt. Revealing the extent of the country’s diversity is key for 
policy development in the field of taxonomic and conservation. 
These policy developments need to be prioritized because the vegetation in these 
biomes is at threat. For example, the Fynbos vegetation is threatened by destruction 
of their habitat – due to urban, agricultural, and industrial development (Onstein et 
al., 2014).  The spread of invasive alien plants, inappropriate agricultural practices, 
unsustainable picking, and too frequent fires threatens the vegetation in this biome 
(Le Roux et al. 2012). On the other hand, human impacts are causing widespread and 
accelerating degradation of vegetation in the Savannah and Namaqualand biome 
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(Osborne et al., 2018). The primary threats are land cover-change and 
transformation, landscape fragmentation that disrupts herbivore communities and 
fire regimes, climate change and rising atmospheric CO2 (Osborne et al., 2018). In 
the grassland biome, it has been established that the spread on Invasive Plants is 
linked to human activities such as developing grasslands into farms (Matsika, 2007). 
 
3.2 Data collection 
 
3.2.1 Number of currently unknown vascular plant species  
 
To predict the number of unknown vascular plant species in South Africa, 
information of the exact number of endemic plant species currently known and 
catalogued in South Africa was used. In addition, information on the publication 
years of all catalogued South African endemic plant species was used. This makes 
the data collected a time-series data: number of South Africa’s endemic species 
described from 1696 to 2019. This information was retrieved from two sources: the 
list of endemic species was obtained from the SANBI database, and the publication 
date for each endemic species was obtained from the International Plant Names 
Index (ipni, 2020). A database consisting of the list of endemic species and their 
corresponding dates of publication was then created on an excel spreadsheet. 
 
3.2.2 Data on efforts required to identify and describe the remaining species  
 
In this study, effort is defined as time, money, and number of taxonomists that could 
be required for the taxonomic description of potential unknown species. To 
determine the efforts, expert knowledge was relied on. This knowledge was 
collected through questionnaires, cell phone discussions, and office visits. These 
experts were identified based on SANBI biodiversity series 26, which showed that 
there are approximately 34 plant taxonomists who are certified professionals 
currently employed in academic stakes as either researchers or lecturers and those 
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taxonomists who work in private institutions as well as government institutions 
(Victor et al., 2015). A list of potential respondents from different universities in 
South Africa as well as SANBI was compiled to avoid missing any potential 
respondents; this included any of the collaborators that are currently not based in 
South Africa. I also included retired taxonomists on the list, this resulted in the list 
having rather more than 34 potential respondents compared to what the SANBI list 
suggested. Some of these potential respondents were suggested by other 
taxonomists as part of the comment section of the questionnaire.  
However, the challenge was that we could not reach the retired taxonomists even 
after contacting the institutions they were based prior to their retirement. Prior to the 
questionnaire being distributed, a pilot study was conducted with two of the highly 
ranked taxonomists in South Africa, according to NRF and SANBI ranking. The pilot 
study assisted in determining the feasibility of the study procedure and rewording 
or revising the questionnaires accordingly. 
To reach potential International Taxonomists and collaborators, who have at least 
described one species in South Africa, a google survey was created and the link was 
shared with the Taxonomists. Unfortunately, there were no international respondent 
even with all the efforts made to reach them. The goal was to gather quantitative 
data regarding the effort (time, money, and work force) required to identify a 
species. The questionnaire was divided into two parts; the first part focused on the 
demography, which highlighted the relevant qualifications and current employment 
status of the taxonomist (active or retired), etc. The second part of the questionnaire 
focused on the taxonomic activities of experts, which required the taxonomists to 
highlight the history of their job as taxonomist, how many species they have 
identified during their career, and most importantly, their estimation of the average 
efforts it took to identify a single species (see questionnaire in appendix 2). The 




3.3 Data analysis  
 
All quantitative analyses in this research project were done in R version 3.5.3 (R 
Development Core 2019). 
3.3.1 Number of unknown plant species in South Africa 
Two approaches were used to predict this number. First, a generalized 
autoregressive conditional heteroskedasticity (GARCH) model was fitted to the data 
collected. GARCH model is an econometric model developed in 1982 by Robert F. 
Engle (Engle, 1982). He used the model to describe an approach to estimate volatility 
in financial markets (Franses & Van Dijk, 1996), and he demonstrated that GARCH 
model is most suitable to model time-series data with nonconstant variance. GARCH 
model was selected to account for the expected high volatility of the variance in the 
time-series data of road accident (Bollerslev, 1986).  Prior to fitting the model, there 
was a check that this condition of nonconstant variance of the number of described 
species over time (1696-2019; Appendix 4) was met. Then, the GARCH model was 
fitted to the tie series data (number of described species over time) collected. 
Different variances of GARCH models were fitted depending on the starting time 
intervals for the modelling ((0,0), (1,1), (2,2),….). The best GARCH model was 
selected using Akaike Information Criteria (AIC). AIC played an important role 
because it compared different possible models and determined which one was the 
best fit for the data. The model suitable model was then used to predict the future 
trend of number of species over 120 years. This trend allows for the identification of 
the year Y1 where the number of species become 0 (meaning all species are 
described). The difference between Y1 and Y0 (the present) corresponds to how long 
it will take to describe the remaining species in theory in the country (See R-Script 
appendix 5).  
Apart from the modeling approach, expert’s opinion approach was also used to 
estimate the number of unknown species. This method was also done in a study at 
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Brazil (Carbayo and Marques, 2011). In their study Carbayo and Marques surveyed 
44 taxonomists (almost 9% of employed and doctoral taxonomists in Brazil) to 
estimate resources required to describe an entire animal kingdom. In this study, a 
question was included in the questionnaire where taxonomist had to estimate, given 
their respective experiences as taxonomists, the number of remaining species that are 
yet to be discovered. The data was derived from a survey of 19 taxonomists (almost 
53% of the South African community of active taxonomists). 
 




For the time variable, the total number of respondents (N) was considered as well as 
the respondent’s career duration (∆t), and the number of species described by 
respondents during their careers (ni). Then the estimated time required to describe 
the remaining unknown plant species (  was estimated as summarized below: 
N = total number of respondents (taxonomists) 
∆t = duration of career  
ni = number of species described during the career of a taxonomist (i) 
If a taxonomist i describes ni species during his/her career that lasts the time ti, this 
implies that this taxonomist takes the time ti/ni to describe 1 species. As a result, for 
all the N taxonomists, the time ts to describe on average 1 species is:  
ts = (1/N)∑(ti/ni); = average time to describe 1 species. 
The total time required to describe the unknown species is: 





The funds ) variable was determined by adding three factors (grants, salaries, and 
training fund of taxonomists). Research grants are the grants awarded to run and 
maintain a lab, salaries are the net salary per month of the principal taxonomists, 
and training funds are the total funds used to obtain a relevant qualification 
(undergraduate – PhD in taxonomy). The funds required to describe all unknown 
species was estimated as follow: 
= (grants + salaries + training fund) = total fund spent by one taxonomist i during 
his career to describe ni species during his entire career. 
 = funds to describe 1 species by a taxonomist i 
f =(1/N)∑(fi/ni) = average fund to describe 1 species by all N respondents. 
  
 Nunknown (total funds required to describe all unknown species) 
 
3.3.2.3 Number of taxonomists 
To determine the number of taxonomists needed to identify and describe Nunknown 
species, this was done as follows. 
The total number of species described by N respondents is ∑ni, ni being the number 
of species described by a taxonomist i during his career. 
As such the number of taxonomists required to describe Nunknown species is: 




Chapter 4: Results 
 
4.1 Structure of the population of taxonomists who took part in this study 
 
4.1.1 Demography of taxonomists 
 
The population of plant taxonomists (Figure 4.1A) who took part in this study are 
made up of a majority ofmale compared tofemale taxonomists. The vast majority of 
this pool of taxonomists  is categorized as of middle-age; a few  of them arein their 
youth years  (20-40 years old) and  a low percentage of currently active taxonomists 
is categorized as reaching mature age Figure (4.1B). Interestingly, these taxonomists 
are of high academic rank:  as Professors,  Associate Professors, and PhD-graduates 
(Figure 4.1C) who are mostly are affiliated with university institutions (Figure 4.1 D) 
. Taxonomists at the beginning of their careers also took part in the study: MSc-
gradutes and Diploma-gradute (Figure 4.1C). 
female−37%
male−63%
distibution of taxonomists per gender
young−21%
middle age−68% mature−11%





academic status/ranks of taxonomists
Res. Inst−32%
Universities−68%
primary affiliation of taxonomists
 
Figure 4.1A-D. Summary of the demographic structure of the population of 





4.1.2 Taxonomic activities 
The analysis of data collected through questionnaires shows that taxonomists in 
South Africa are very active. In terms of publications (Figure 4.2), some have 
published over 200 papers on taxonomic topic others, 50-80 papers  and many have 








Figure 4.2. Distribution of taxonomists according to taxonomic papers published. 
  
Furthermore, taxonomists in South Africa work on almost all biome types found in 
the country (Figure 4.3A). Fynbos and Grasslands were the most cited biomes of 
interest for taxonomists, followed by Savannah and Nama Karoo . However, no one 
published a taxonomic research on Indian Ocean Costal Belt and Desert. Most of the 
taxonomists have accumulated 10-20 years of experience in taxonomy whereas other 
taxonomists have accumulated 20-30 years of experience and a low percentage  over 
30 years (Figure 4.3B). In terms of species description, most taxonomists have 
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described 1-10 species, some have described 10-20 species and a low percentage have 








Indian Ocean Costal Belt−0%
















experts opinion on unknown species
 
 
Figure 4.3A-C. Summary of taxonomic activities of plant experts in South Africa. 
 
4.2 Prediction of the richness of potentially unknown species  
 
4.2.1 Expert opinion 
Most of these taxonomists, based on their decades of experience in taxonomy, 
estimate that there may still be between 100-3000 vascular plant species out there in 
South Africa awaiting to be discovered and described. A huge percentage of the 
taxonomists (42%) estimated that there could be 1000-2000 currently-unknown 





estimated 100-200, (8%) gave an estimate of 2000-3000, and another (8%) gave an 
estimate of over 3000 currently unknown vascular plant species. 
 
4.2.2 Modelling approach: GARCH model 
Firstly, the data analysed shows that it took 323 years to describe 11208 native 
species in South Africa, suggesting that, on average, 35 species are described 
annually. The number of species described across years varies tremendously from 

























Secondly, the GARCH model predicts that it would take 45 years for all remaining 
species to be described, given the current description rate (Figure 4.5). This implies 
that, if the current description rate is maintained, in those 45 years, 1575 species 
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would have been described (i.e. it remains potentially 1575 species still to be 
described).   














 with Bootstrap Error Bands
















































































































































































































































































































































































































































Figure 4.5. Prediction of changes in number of species to be described over time. 
This prediction was done by fitting GARCH model to the data of number of South 
Africa’s native species described from 1696 to 2019. The red line corresponds to the 
prediction of how the number of species to be described would be changing over the 
next 150 years. The vertical bold dashed line indicates the number of years in which 
the number of species to be described may be 0, meaning that the total number of 
species in the country would have been described. On the figure, this number 
corresponds to 45 years. Clearly, after 45 years, the number of species to be 
described (red line) does not change anymore, implying after 45 years the total 






4.3 Efforts required for a comprehensive plant diversity assessment 
 
4.3.1 Estimate of remaining time for a comprehensive assessment of plant 
diversity 
 
The data collected through questionnaires reveal that, on average, 1.07 species is 
described in South Africa on an annual basis, given the total number of species 
described by currently active taxonomists during their respective careers. Given that 
1575 species still remain to be described, based on the modelling approach (see 
section 4.2.2), it would take 1472 years to describe the remaining 1575 species at the 
current rate of 1.07 species described annually (on average). Furthermore, based on 
expert opinion, there are 1400 remaining species to be described (see Section 4.2.1). 
Assuming the same rate of 1.07 species descried annually, it would take 1308 years 
to describe all remaining species, given the current population of active taxonomists 
in the country. However, taking into consideration that, in the past 323 years, 11208 
species have been described, implying a description rate of 35 species per year on 
average, it would take 45 years to describe the remaining 1575 species (Figure 4.3). 
This timeframe would be reduced to 40 years to describe the 1400 species predicted 
as unknown by experts.  
 
4.3.2 Funds required for a comprehensive taxonomic plant diversity assessment 
 
According to the data collected through questionnaires, taxonomists have spent a 
total of R 680,670,000 to describe 419 species, implying that on average R 1,624,510.74 
are spent to describe 1 species. At that rate, R 2,558,604,415.00 would be required to 
describe the 1575 remaining species (based on modelling approach) or R 
2,274,315,036.00 for the 1400 remaining species (based on expert opinion). It is 
important to note that this fund is a conservative estimate since some respondents 
did not declare neither their salaries nor the funds they secured through grants or 
student scholarships. It is also important to note that this fund includes different 
types of budgets (grants, scholarships, laboratory running cost, etc.) secured by 
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principal investigators of a laboratory. Some of the taxonomists elaborated further 
on the types of funding received which was not directed to taxonomic studies but 
was eventually used for them (Table 4.1). 
 
4.3.3 Number of taxonomists required for a comprehensive plant taxonomic 
assessment 
 
In the data collected using questionnaire, 19 taxonomists have described 419 species 
during their careers; this means that 64 or 71 taxonomists would be required to 
describe the 1400 species (expert opinion) or 1575 species (modelling) remaining to 
be described in South Africa, respectively. However, the data collected from IPNI 
indicate that 2,239 taxonomists have described the 11,208 native species in South 
Africa. The number of authors who did this massive species description has changed 





















Figure 4.6. Changes in the number of authors who describe all South Africa’s native 
species. 
 
The number first increases until around the year 1920 after which it starts decreasing 
until today (Figure 4.6). At the rate of description, the description of the 1400 species 
(expert opinion) or 1575 species (modelling) that remain to be described would 
require 280 or 315 taxonomists, respectively. 
 
A few of the taxonomists who responded to the study had more to say on important 
issues related to this study such as taxonomic funding and taxonomic research 
priorities in South Africa (Table 4.1). This information could not be quantified but 
forms an important part of the results. 
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 Table 4.1: Additional comments from respondents (Expert taxonomists). 
 




Stop focusing on so called “Foundational Biodiversity Research” that 
comprises politically correct buzzwords of “DNA barcoding”, Tree of life 
Web pages etc., and bring back funding for systematics research. Also, do not 
consider this sort of research to be limited by political borders – plants extend 








Describing new species is not really the critical point. The main challenge is to 
do high quality taxonomic revisions of priority taxa, i.e. genera that has not 
been revised in recent years. Many errors are made by describing new species 
without an intimate knowledge of the genus - you may think it is new but 
without doing a revision, you may be making an error of judgement because 
you may not know the traditional species delimitations within the group. The 
real challenge is now the groups with cryptic characters, such as Salsola etc. 
that have been neglected in the past. Such groups are usually not suitable for 
MSc and PhD studies because in modern times there is too much pressure to 
finish dissertations and theses in a limited number of years. It takes at least 
four years of field work and intensive study to make a proper revision of any 
sizable group of South African plants. University researchers are facing two 
difficulties (1) taxonomic studies are poorly cited (see Nature for a paper on 
this topic) and the university requires a high citation rating for promotion, 
etc, resulting in small papers such as a new species here and there and no 
major contributions; (2) Taxonomic studies typically takes a long time (field 
work is essential, and flowering times are sometimes unpredictable); since 
there is a lot of emphasis on the number of papers these days (and less on the 
quality and impact of papers), few researchers can afford to spend several 
years on one paper (e.g. a revision of a major group). Unfortunately, the latter 
52 
 
is exactly what we need if progress is to be made to get to a comprehensive 
inventory of all SA plants. 
Funding SANBI need to be supported in their co-ordinating role – to generate interest 
and to provide updates on priority taxa. (most of my funding was for 
medicinal plant studies and ethnobotany, not taxonomy, hence excluded) 
Funding Increase funding for basic taxonomy! 
Taxonomic 
revisions 
I wish not to speculate. But over the last decade at least 50 species are 
described annually. These are mostly in plant groups that were not described 
within the last 50 years; for plant groups occurring especially in the Greater 
Cape Floristic Region; and from poorly collected areas such as the Overberg. 
As the use of molecular data becomes common, and the shift towards the 
Unified Species Concept, there is likelihood of some widespread species 
based on morphology turning to be multiple species under the USC. 
Seventy-three published papers, I have narrowed on papers dealing with 
taxonomic revision, species nomenclature and ample description, and 
classification (including phylogenetic studies focusing on classification only) 
Note that all my taxonomic work is not restricted to the South African flora as 
I study groups in wider context  
Role of 
taxonomy 
What do you mean by taxonomic effort? The role of taxonomy does not cease 
once the species have been described. Species concepts are hypotheses that 
require continued testing as new collections/data emerge. Taxonomic 
revisions are thus necessary on an ongoing basis. In addition, identifications, 
curation, and teaching are ongoing and are best done by qualified and 
practised taxonomists. Taxonomists are also necessary for any secondary or 
tertiary studies on organisms, often to identify interesting models, identify 






Fieldwork is crucial. Obtaining funding for that is difficult. Taxonomy takes 
time, but we are rushed to complete projects. Taxonomists provide input 
into many research projects and not only into their own research effort. 
These are most often ignored or not registered but take up a lot of time of 





Chapter 5: Discussion 
 
5.1 Structure of the population of taxonomists who took part in this study 
 
5.1.1 Gender inequality in taxonomic studies 
 
This study highlights an unequal representation of gender in plant taxonomy in 
South Africa: 63% male and 37% female taxonomists. This inequility seems to be a 
global issue in both plant and animal taxonomy. Morgan (2015) emphasised that 
there is an important gender issue in taxonomy that needs to be addressed, since 
women are underrepresented in the discipline. He noticed that few women are 
currently employed in natural history collections or as professors of taxonomy and 
systematics at universities (Morgan, 2015). This observation seems to be a reality in 
South Africa too, given that, of the 19 respondents that took part in this study, 17 are 
employed at university as lecturers or professors and, from this pool, 41% are female 
and 59% are male. This gender bias in the field of taxonomy or any other science 
could be due to historical legacy: in the past women were regarded as “home 
makers” and did not really advance their education on their careers (Huang et al., 
2020). Another reason could be that fewer female apply for taxonomic positions but 
due to conscious or unconscious gender bias on the part of male academics 
dominating the hiring committee, women may not eventually be hired (Morgan, 
2015).  
 
There are no scientific studies in South Africa or the World that have addressed or 
focused solely on issues related to gender inequality in plant taxonomy. However, 
the inequality in animal taxonomy has drawn some attention. The journal ZooKeys 
celebrated their 500th issue on the 27th of April 2015, and they created a series of Top 
10 posters. This recognized the editors, reviewers, and authors who helped the 
journal become one of the most important venues for zoological taxonomy over 
seven (07) years (Morgan, 2015). Of the 35 people who were recognized for their 
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contributions to publishing and the taxonomic process, only one was a woman 
(ZooKeys, 2020). Though the above is for zoological taxonomy, it is still quite 
alarming that there are fewer women in the field of study of taxonomy. The field of 
systematic biology also has an alarming gender inequality representation with a 
female representation of only 19%, while Systematic Entomology has a female 
representation of only 17% (Cho et al., 2014). Moreover, a study using IPNI as a 
source of data, revealed that over the past 260 years, women have only contributed 
3% to naming species (Lindon et al., 2015). 
 
Fortunately, in South Africa, SANBI is committed to employment equity which 
promotes the employment priority of females over males as part of strategies to 
address the existing gender inequality (SANBI, 2020). Also, the representation of 
females in botanical societies in South Africa is better compared to other countries. A 
good example of this is the current 50% representation of female (six (6) out of 12) in 
the South African Association of Botany (SAAB, 2020). This gives hope to the future 
of gender equality in plant biodiversity science in the country.  
 
Unfortunately, countries such as Canada still have this battle of gender inequality.  
In 2010, the Canadian Expert Panel on Biodiversity Science surveyed taxonomists in 
Canada, and reported that, of the 432 surveyed respondents, only 30% were female 
(Morgan, 2015). Ironically, the panel itself only included 21% female, of which only 
17% of the reviewers were female (Morgan, 2015). Moreover, the UK’s House of 
Lords Science and Technology committee on Taxonomy and Systematics 
(2008) reported that only 17% of their taxonomists were female. This shows that the 
issue on gender inequality in plant taxonomy is global and a pressing one and, as 
such, it should be included when addressing “taxonomic impediments”. 
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5.1.2 Patterns of age of taxonomists 
Apart from gender inequality, it seems age representation is a dilemma globally 
(South Africa included). The vast majority of taxonomists in this study (68%) is 
categorized as of middle-age (40-60 years old), and 11% of currently active 
taxonomists is categorized as reaching a maturity age (> 60 years). This quick 
statistic implies that most of the current active taxonomists in South Africa will be at 
retired age in 10 years’ time. When this happens, it will have negative implications 
on the plant taxonomic activities because if most prolific taxonomists retire, species 
identification and description will slow down. The study revealed that there are only 
a few young taxonomists (20%) already in the pipeline, and this shows that the 
future of plant taxonomy in South Africa in the next 10-15 years may not be looking 
good, unless actions are taken right now. There will be less taxonomists than the 
current number of approximately 40 active plant taxonomists, if training and hiring 
of plant taxonomists is not prioritised. 
Interestingly, this study, amongst others (e.g. Drew, 2011), has shown that age does 
not necessarily decrease publication activity. This can be seen through the findings 
of the present study which reveals that older taxonomists have published more than 
the younger taxonomists. This is because the longer time one spent in the field, the 
more experience accumulated, and the more effective one becomes.  Specifically, the 
annual description rate of species during careers of the particularly prolific 
taxonomists shows high taxonomic activity during the last 15 years of career at the 
age of about 50-60 years (Coleman, 2015; Victor et al., 2015a). As publications and 
species description increase with age, taxonomists eventually retire in the middle of 
their prolific years. Unfortunately, Coleman (2015) reported that young people are 
not interested or attracted to taxonomy for reasons (not fully elucidated) that still 
need to be addressed.  
Interestingly, the taxonomists who took part in this study are of high academic rank: 
approximately 75% of the active taxomists have a doctorate and 50% are employed 
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as Associate Professors or Professors at universities. The increased academic rank 
corrolates with increasing age: the professors are almost at retirement age and this is 
a call for concern because this will create a gap in taxonomic expertise in South 
Africa (loss of valuable ‘taxonomic living library’). There is a need to employ the 
expertise of trained and experienced taxonomists to train new taxonomists and help 
reach biodiversity conservation goals. The decreasing number of practicing 
professional taxonomists in general is a global challenge (Britz et al., 2020).   
The training and recruitment of the next generation of taxonomists gets increasingly 
difficult with university education globally facing a significant decrease in both 
organismic focus and taxonomy in the respective curricula (Britz et al., 2020). If 
proactive action is not taken, taxonomy will undoubtedly lose the battle of 
inventorying the diversity of life. This situation is further worsened by a change in 
research directions in those institutions that were considered the last remaining 
supporters of taxonomic research (Pyke & Ehrlich, 2010). Additionally, these 
concerns regarding a shift in taxonomic research, limited timeframe to publishing 
and the curriculum in universities were highlighted by taxonomic experts in the 
present study. They stated that Universities enforce timeframes on postgraduate 
qualifications and these timeframes are not realistic for taxonomic revisions and 
species identifications. Students then shy away from such studies and those who do 
these studies are pressed by time. 
 
5.2 Taxonomic activities 
 
The results of this study from expert opinion show that taxonomists in South Africa 
are very active. In terms of publications, more than 50% of the respondents have 
published between 50-200 papers during their careers. Moreover, a study which 
reviewed the contribution of SANBI revealed that, from a total of 153 persons who 
worked between the year 2000 and 2014, 15 university-based taxonomists published 
779 papers (Victor et al., 2015a). Of these, 16.8% were first-authored publications 
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whereas the average number of papers per year was 5.1 per person. Therefore, the 
average number of papers per year by SANBI staff members was 2.5 papers per 
person (Victor et al., 2015a). A number of these publications are a result of over 10+ 
years of experience by approximately 80% of the respondents from this study, with 
each of them having described on average 10 species.  
 
Additionally, taxonomists in South Africa work on almost all biome types found in 
the country. Fynbos and Grasslands were the most cited biomes of interest (cited 
each 20.5% of all biomes) for taxonomists, followed by Savannah (16%) and Nama 
Karoo (11%). The work by the taxonomists in the various biomes has contributed to 
approximately 85% of vascular plant species that have been identified and described 
in South Africa (SANBI, 2020). However, none of the taxonomists that took part in 
this study has worked on Indian Ocean Costal Belt and Desert biome. These biomes 
should be prioritised in taxonomic research because some of the potentially missing 
species could be found there.  
 
The taxonomists that took part in this study in collaboration with SANBI have a long 
history of producing important taxonomic products to assist the public with 
information related to taxonomy.  Some of the contributions include field guides, 
checklists and identification guides that are produced to enable taxonomic 
information to be accessible by end-users. Some examples of important products 
published by the plant taxonomists are the checklist of South African plants 
(Germishuizen et al., 2006), seed plants of southern Africa: families and genera 
(Leistner, 2000), Herbarium Essentials (Victor et al., 2016); and Guide to the plant 
families of southern Africa (Koekemoer et al., 2015). A series of regional floras have 
been published by plant taxonomists in South Africa and SANBI with the aim of 
providing coverage of the whole country (Victor et al., 2015a). This work done at 
SANBI has seen the contribution of approximately 60% of the taxonomists that took 
part in this study. These various publications are evidence that, if well-funded, 
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currently active taxonomists may reduce considerably the remaining unknown 
species in the country before retirement. 
 
Regrettably, the same cannot be said about global plant taxonomic activity. Globally, 
taxonomic publication practices have changed in many ways. There is a strong 
decrease in the number of authors on taxonomic papers since the 1950s (Costello et 
al., 2012). Some of the evidence that professional taxonomy is declining can be found 
in a number of studies (Gaston & May, 1992; May, 2010; Costello et al., 2012). 
Additionally, there remains plenty of work for taxonomists to do and not just in 
describing new species (Whithers, 1997; Coleman, 2015) but in clarifying taxonomic 
problems (Stubbs & Drake, 2001), describing important life stages (Wood-Baker & 
Hopkins, 2000), and recording overlooked species and regions (Nelson et al., 2001). 
The consequences of a shrinking community of taxonomists is likely to impact future 
conservation efforts in several ways, for example a loss of unknown species. 
  
5.3 Prediction of the richness of potentially unknown species in South Africa 
 
Knowing the total number of species has been a question of great interest for 
taxonomists and conservation biologists especially in floristically megadiverse 
countries. This is motivated by the curiosity about the diversity of life on Earth and, 
in part, by the need to provide a reference point for current and future losses of 
biodiversity (Mora et al., 2011). To estimate the potentially unknown vascular plants 
in South Africa, two approaches were used: expert opinion and statistical modelling. 
 
The opinion of taxonomist experts varied regarding the number of potentially 
unknown plant species in South Africa. The values that were estimated were 
between 100-3000. The more experienced taxonomists (10-20 years) gave values that 
were about 1000 and the highest values were from taxonomists that had the least 
experience in the field (less than 5 years). There was an outlier who estimated that 
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there could be 2 million unknown vascular plant species in South Africa. Moreover, 
the estimation done by the outlier was understood because he is at the beginning of 
his career and has only described 1 species so far. This outlier was not included in 
the average of unknown species estimate because his estimate of 2 million species is 
clearly unrealistic, and this confirms the values of age and experience highlighted in 
sections 5.1.2. and 5.2 above. On average, expert opinions indicate that there may 
still be 1400 species to be discovered in the country.  
 
The expert opinion was further complemented by statistical modelling approach. 
The data which was analysed revealed that 11 208 native species in South Africa 
were described in 323 years, implying that, on average, 35 species were described 
per annum. The data show a spike in species description and publication in the year 
2000. However, after the year 2000 there has been a decline in the number of species 
being described.  
 
Based on variation in species description over time, the modelling approach 
predicted that there are 1575 unknown vascular plant species in South Africa. Most 
interestingly, this value is close to expert opinions (1400 species). However, 
irrespective of the approach used (expert opinions or modelling), the estimates 
should be considered as conservative for the following reasons. Firstly, the present 
study focusses only on vascular plants, meaning the missing species would be 
higher than predicted in the present study if non-vascular plants are included. 
Secondly, new species that may arise from the needed taxonomic revisions of some 
genera are not factored in the estimate.  For example, Victor et al., (2015b) estimated 
that on average there might be 2200 new species in South African plant genera that 
have not been revised since 1980, particularly those with a predominantly small 
habit (Victor et al., 2015b). Furthermore, the estimates reported here do not include 
the molecular or DNA-sequences approach which is known to increase the discovery 
of new species (Hebert et al., 2003; Cao et al., 2016), although an early study called 
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for caution on the tremendous increase of new species due to molecular data (Meiri 
& Mace, 2007). Overall, it is likely that the remaining species (1400-1575 species 
predicted here) are rare species with narrow-ranged geographic distributions (Cao et 
al., 2016), making them difficult to find. More efforts (manpower, funds, time, etc.) 
than usual are therefore required if we are to find, describe and catalogue 
comprehensively plant diversity in the country.  
 
5.4 Estimate of remaining time for a comprehensive assessment of plant diversity 
If we assume that the 19 taxonomists who responded to the questionnaire of this 
study represent the population of taxonomists in the country, then, on average, 1.07 
species is described in South Africa on an annual basis. This rate of description 
implies that it would take 1308 years to describe all the remaining 1400 (expert 
opinion) vascular plant species, and it would take 1472 years to describe the 
remaining 1575 vascular plant species predicted by the modelling approach. This is 
scary, given that the risk that unknown species slide into extinction is very high 
(Costello et al., 2012; Edwards & Laurance, 2013; Mora et al., 2015). However, the 
true rate should be higher than the 1.07 species/year given that all native species 
described are not always done only by South Africa-based taxonomists but through 
collaborations with international taxonomists. Given that the respondents to the 
questionnaire of this study are all South Africa-based, the rate reported might not be 
true reflection of the reality. Nonetheless, this rate corresponds to the rate at which 
currently active South Africa-based taxonomists are working.  
 
Globally, according to an early study, the rate of species loss is currently 1,000 times 
greater than the past rate, and if nothing is done, the rate may become 10,000 times 
greater (MEA 2005; Ceballos et al. 2017) due to climate change, anthropogenic 
pressure characterized by an unsustainable use of natural resources including 
biodiversity, habitat loss, pollution and alien invasive species (Barnosky et al., 2011; 
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Ceballos et al., 2018; Davies, 2019). In a biosphere reserve in Canada, Elliot & Davies 
(2019) reported the loss of 70 different species in only 50 years, suggesting the need 
to accelerate efforts towards a comprehensive assessment of biodiversity before its 
extinction. Specifically, in South Africa, 20% of all endemic plant species (2165) are at 
high risk on extinction and the risk status of 8% (902 species) is still unknown due to 
lack of taxonomic and ecological information (Hoveka et al., 2020a). Even protected 
areas which supposed to prevent the loss of species seem to be performing poorer 
than expected given that 163 threatened species in South Africa occur outside all 
protected areas (Hoveka et al., 2020a). This pattern of extinction risk and limited 
effectiveness of protected areas (Hoveka et al., 2020a) mean that we can’t afford to 
take longer time than we have already taken before serious efforts and commitments 
are made to identify and describe all unknown species in the country before they go 
extinct.   
 
Interestingly, this long duration of more than 1000 years can be drastically reduced 
to only 40 to 45 years to identify the remaining unknown species depending on 
whether we rely on expert opinions (1400 species) or statistical modelling (1575 
species) regarding the number of species remaining unknown, respectively. These 
40-45 years would be required if we consider the rate of 35 species described 
annually (from IPNI source, 11208 native species were described in 323 years). For 
this to happen, massive efforts have to be deployed in training, funding and 
recruitment of taxonomists who will be exclusively devoted to taxonomic activities. 
It is also important that such taxonomic activities be focused on poorly sampled 
biomes, e.g. Nama-Karoo and Savannah biomes (Hoveka et al., 2020b), and given 
that none of taxonomists who took part in the present study specializes on Indian 
Ocean Costal Belt biome, it is critical that this biome too should be given priority in 
botanical exploration. Only such focused activities could accelerate species 
discoveries and descriptions (Joppa et al., 2010).  Such efforts should be global if we 
are to reduce considerably the unaffordable timeframe (1200 years) predicted for a 
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global assessment of biodiversity (see Mora et al., 2011). The urgency to reduce this 
timeframe resides in the unprecedented rate at which biodiversity is lost (MEA, 
2005; Barnosky et al., 2011; Ceballos et al., 2018; Davies, 2019). 
 
5.5 Funds required for a comprehensive taxonomic plant diversity assessment 
(expert) 
 
According to the results obtained from experts in this study, taxonomists have spent 
a total of R 680 670 000 (US $40 039 411) to describe 419 species. This implies that, in 
theory, R 1 624 510.74 (US $95 559) was spent, on average, to describe 1 species. At 
this rate, R 2 558 604 415.00 (US $150 506 142) would be required to describe the 1575 
(modelling) remaining species or R 2 274 315 036.00 (US $133 783 237) for the 1400 
(expert) remaining species. It is important to note the following.  
 
First, these estimates are not exclusively spent on taxonomic activities since most of 
the respondents to the questionnaire are not full-time taxonomists; they are mostly 
primarily academics, and as such, the funding reported include funding to run their 
laboratories, cover student scholarships and even funding for activities that may not 
be strictly taxonomy-related (Carbayo, & Marques, 2011). For example, in Brazil 
(animal taxonomists), 15% of funding secured is allocated for taxonomist training, 
50% in salaries of full-time taxonomists in scientific institutions and only 15% 
allocated to project itself (Carbayo, & Marques, 2011). If this 15% is applied to South 
Africa’s case (15% of R 1 624 510.74), it means that we should expect R 243 677 to be 
exclusively spent in a species description.   
 
However, if taxonomic activities are to be led in majority by academic taxonomists, 
the estimates reported in the present study (R 1 624 510.74 per species) could be 
considered a true reflection of what would be needed. This is because academic 
taxonomists cannot be detached from their other academic duties, which also need 
to be funded concomitantly with their taxonomic works. One major issue raised by 
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the respondents is that it is very difficult nowadays to obtain funding exclusively for 
taxonomic studies, and this seems to be a global issue (Coleman, 2015) in 
comparison to activities that focus primarily on ecological and conservation studies. 
This is surprising since it is impossible to effectively conserve biodiversity and 
related ecosystem services (MEA, 2005) if we do not know the extent of what needs 
to be conserved.  
 
One possible solution to this general lack of funding for exclusive taxonomic projects 
are for South Africa to establish, through SANBI, an exclusive taxonomic funding for 
training, targeted botanical expeditions and incentive for taxonomic studies. 
Another solution would be to promote full-time taxonomists in research institutions, 
e.g. SANBI, to complement what academic taxonomists are currently doing to 
accelerate biodiversity assessment in the country. This would reduce considerably 
the funding required for taxonomic works. This reduction could even be more 
pronounced given the increased number of amateur taxonomists, molecular 
identification tools, increased international collaboration, and access to new areas of 
exploration (Mora et al., 2011). 
 
5.6 Number of taxonomists required for a comprehensive plant taxonomic 
assessment  
 
In the results obtained through survey of expert taxonomists in South Africa, 19 
taxonomists have described 419 species during their careers. This gives an average 
rate of 22.05 species per taxonomists which is not far off from the Brazil rate of 24.8 
species described per taxonomist (Carbayo & Marques, 2011). The South African rate 
of species description is quite impressive considering that the Brazil description rate 
is for animals. It is easier to describe animals than plants mainly because of their 
difference in size. Applying the South African rate of description, 64 taxonomists 
would be required to describe the 1400 (expert) species. To describe 1575 species 
(modelling) 74 taxonomists would be needed. This value is attainable. South Africa 
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has over 10 university institutions that offer Taxonomy as field of study.  The 
required taxonomists can be trained and facilitated with the relevant skills to assist 
in identifying the missing vascular plant species. However, 64 to 74 taxonomists 
seem to be a very low number especially because the missing species are rare and 
will be difficult to identify. The data collected from IPNI indicate that 2,239 
taxonomists have described the 11,208 native species in South Africa. The value of 
2239 taxonomists should be far less than this because the record was done on a 
yearly basis, one taxonomist may have described several species in different years. 
The data collected focused on the number of taxonomists that published a species in 
a particular year. Several taxonomists published more than once but for different 
years. Using the rate of description from the data from IPNI, the model predicted 
that it would require 315 taxonomists to describe 1575 (modelling) species. Applying 
this rate to the 1400 (expert) species it would require 280 taxonomists. The number of 
taxonomists predicted from the model seem to be more realistic compared to what 
the questionnaire survey suggested. In consideration of the fact that the unknown 
species are rare and difficult to identify, more taxonomists will be needed on the 
ground. 
 
Unfortunately, there has been a shift from a balance between basic and applied 
research to a strong focus on revenue-generating science in the past few decades, 
with governments rarely allocating up to 30% of their research budgets to basic 
science (Nelson 1959; Caulfield et al. 2012; UNESCO 2015). This has particularly 
affected taxonomy, with it being eliminated or replaced by other disciplines focusing 
on laboratory research (Drew, 2011; Hutchings, 2013). Globally, the classic paid 
position of a full-time taxonomist practically does not exist anymore or has limited 
positions, and institutions that still maintain such slots are likely waiting for their 




Modern professional, university-based taxonomists are mostly professors that 
perform taxonomy as well as their supervisory, technical, and administrative work 
as compared to performing taxonomy on a regular basis (Lucking, 2020). Another 
problem is that taxonomists who have the privilege of being paid to do taxonomy 
may not live up to their responsibilities (Evenhuis, 2007), taking away unique 
opportunities from highly talented and potentially prolific early-career taxonomists 
that cannot find a job (Evenhuis, 2007). This certainly does not help the cause to 
efficient biodiversity conservation. 
 
Additionally, the pressure to generate revenue has forced taxonomy to shift into a 
misleading direction of “applied taxonomy”. Particularly in biodiversity-rich 
countries such as South Africa, students in the field of biodiversity research are 
focusing on laboratory-based research such as natural product screening, without 
notion for the fundamentals of taxonomy. The pressure of publishing and 
completing a qualification in a given timeframe has an impact on the quality of 
taxonomic research. Taxonomy and systematics are being marginalized in many 
university curricula, leading to a decline in the number of available competent next-
generation taxonomists.  
 
In South Africa, the analysis of the existing gaps in taxonomic information, current 
research trends, and resources, reveal that there is a critical shortage of human 
capacity to conduct plant taxonomic research for the benefit of biodiversity. In the 
past, it was challenging to estimate what proportion of the flora of South Africa is 
currently undescribed because of the variability in proportion of new species 
uncovered per genus. This study has, however, managed to narrow down the 
estimation of undescribed vascular plant species to approximately +/- 1500. This 
prediction alongside with the cost estimation, number of taxonomists required as 
well as predicted time it would take to identify and describe the unknown species 
allows for targeted efforts. As suggested by Carbayo & Marques (2011), "the most 
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essential action now would be a concerted effort to raise the image of taxonomy 
from being seen merely as an ‘old’ and ‘simple’ task of biologists that is 
unfashionable and horribly constricted to low-impact-factor journals to being 





Chapter 6: Conclusion 
 
6.1 Background and justification 
 
South Africa has a long rich history of taxonomic assessment. Nonetheless, there is 
still a need to further explore South Africa’s biodiversity due to the alarming global 
loss of biodiversity. This requires pre-emptive and strong actions to prevent species 
loss at all cost. However, how could such actions effectively take place if there is 
limited knowledge of the extent of existing species diversity? This called for strong 
commitments to estimate not only the potential number of currently unknown 
species but also appropriate efforts (the number of taxonomists, funds, time, and 
resources required). The present project is a contribution to reaching this aim in 
South Africa. 
 
6.2 Moving towards discovering the unknown vascular plant species  
   
The rapid loss of biodiversity in South Africa necessitates an immediate increase in 
the number of qualified experts and our awareness of the country's biodiversity. A 
decrease in the number of taxonomists, and the lack of sufficient funding for 
taxonomy, caused by the lack of appreciation for this area of research are some of the 
major factors impacting taxonomic research in South Africa. Currently, there are 
24 000 vascular plant species that are known scientifically in South Africa, and from 
this study, it can be deduced that about 1400- 1500 vascular plant species are still 
unknown.  
It can be concluded that only a few vascular plant species remain to be discovered. It 
is suggested that these species are likely to be small-ranged and perhaps 
concentrated in the less explored biomes such as the Ocean Coastal Belt or Desert 
biome. The small size and cryptic nature of the species suggest that many could be 
found literally in people’s “backyards”. Though remarkable efforts and progress has 
been made in studying South Africa’s vascular plant diversity, further closing this 
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knowledge gap will require a renewed interest in fuelling botanical expeditions 
through recruitment and funding of botanists, particularly taxonomy studies.  
 
6.3 Collaborations in plant biodiversity conservation 
SANBI has the mandate under South Africa’s Biodiversity Act (NEMBA Act 10 of 
2004) to coordinate and promote taxonomic research in South Africa. The great work 
achieved by South African taxonomists and relevant entities involved can never go 
unnoticed. South African flora has been updated, detailed taxonomic information is 
available online as well as in books. In addition, it can be gathered that South Africa 
has taxonomic potential to identify and describe the remaining 1400-1500 vascular 
plant species. If genera identified as unrevised are prioritised for taxonomic research 
and existing published taxonomic information is collated electronically, South Africa 
could provide high-quality taxonomic information towards the global online flora.  
 It is suggested that SANBI should provide leadership in strategically guiding 
taxonomic research in South Africa. If the challenge of limited resources can be 
overcome, taxonomic research could once again gain ground as a highly esteemed 
and rewarding scientific discipline in South Africa. The concerted efforts and 
cooperation of the taxonomic community will play a pivotal role in moving towards 
identifying and describing the remaining unknown vascular plant species.  
 
6.4 Recommendations 
The results of this study are a good guidance to moving forward. These results as 
well as important information highlighted by expert taxonomist reveal valuable 
knowledge on efforts required to quantify the remaining vascular plant species in 
South Africa. The recommendations on how these efforts can be targeted have been 




Table 6.1. Recommendations of themes identified in the study based on the results 
Theme Results of presents 
study 
Proposed recommendations 
Gender inequality 43% Female  
57% Male  
• Endorse more female in the field 
of biodiversity conservation 
(especially taxonomy) at the 
university level and the 
professional level.  
Age Only 11% are young 
(20-40 years) 
• Encourage students to study 
taxonomy and biodiversity 
conservation-related modules at 
undergraduate level. 
•  Attract undergraduates by 
adding innovative ways of 
teaching the module. 
• Funding is also a good way of 
attracting young people. It would 
be good to approach matriculants 
and offer them funding 
opportunities to study 
biodiversity conservation, 
majoring in taxonomy.  
Funds $150 506 142 needed 
to describe remaining 
1575 plant species 
• Funds should be prioritised for 
biodiversity conservation 
research (taxonomy). 
•  Student funding for taxonomic 
revisions and discoveries should 
be prioritised  
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• Training of taxonomists should 
be efficiently funded.  
• University herbariums as well as 
research laboratories devoted to 
plant taxonomy should be highly 
considered for funding by 
SANBI, NRF, and the DSI. 
• Taxonomy needs more jobs, and  
funding agencies should create 






curriculum is focused 
more on innovative 
science.  
Also, students are 
given a timeframe to 
finish their research 
and produce 
publishable work for 
example master’s is 2 
years and PhD is a 




• The increasing connectivity of 
taxonomic expertise among 
institutions in South Africa is 
significant for preserving 
knowledge and skills at the 
graduate level and above.  
• The university curriculum must 
be adjusted in such a way that it 
provides research abilities for 
students. It enables students to 
conduct studies on species 
without enforcing a timeframe. 
• Monographic or revisionist study 
of a not-too-large group remains 
the best academic subject for a 
doctoral thesis in taxonomy, 
providing the student with the 
intellectual training to investigate 
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the past, and to learn the 
processes of discrimination, 
synonymy, and the intricacies of 
nomenclature. Monographs are 
essential tools that facilitate 
progress in understanding 
biodiversity. 
• The universities should 
reintroduce taxonomy and 
systematics into university 
curricula on a broad scale and 
capitalizing on the remaining 
taxon expertise left in natural 
history museums by integrating 
these institutions into the 
university education.  
• Faculties need to shift their focus 
towards hiring already rare 
taxonomic experts as academic 
staff and to appreciate their 
expertise in organismic biology, 
rather than applying simple 
metrics, like h-indices or the 
number of citations, when 





needed in South 
• More taxonomists need to be 
deployed, these taxonomists 
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Africa should be trained and skilled 
from the Undergraduate level.  
• Jobs should be created in the field 
of taxonomy, and the incentives 
should make financial logic  
• On the other hand, to fight the 
taxonomic impediment, it would 
be ideal to have taxonomists who 
devote all available time 
exclusively to describe as many 




6.5 Summary and conclusion  
This study concludes that there is great potential in the academic research field of 
plant taxonomy in South Africa. However, there is lack of research priority in efforts 
required to describe and identify the remaining unknown vascular plant diversity of 
South Africa. Taking into consideration that the results of this study estimated the 
efforts required (funds, time, and number of taxonomists) for comprehensive 
biodiversity analysis, the study prompts the need for further research and 
prioritisation of local biodiversity research by relevant stakeholders. Moreover, the 
study emphasizes that policymakers should restructure policy in the biodiversity 
sector in South Africa such that efforts to conserve the biodiversity are prioritised 
through policy with the proposed required efforts in mind. 
 Finally, this study adds to the existing limited body of literature, knowledge and 
information related to the conservation of South Africa’s biodiversity. Countries 
across the globe can adopt methods from this study and observe if such techniques 
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apply to their local biodiversity. Indeed, global approach to estimating an ecological 
phenomenon does miss valuable information at local scale, so it is important to 
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Appendix 2: Questionnaire  
  
    MSc RESEARCH PROJECT – BOTANY  
 Botanical efforts for a comprehensive assessment of vascular plant diversity in 
South Africa  
Email of student doing this research: patience.mamathaba@gmail.com  
QUESTIONNAIRE 
---------------------------------------------------------------------------------------------------------------- 
Part 1-----Demography of plant taxonomists 






20-29 30-39 40-49 50-59 60+ 
 
3. Highest academic qualification and/or academic ranks 








5. Status (multiple choices can be ticked if apply) 
Student taxonomist who has described at least one species  
Full-time taxonomist (i.e. you work in a research institution doing ONLY 
taxonomy; e.g. Taxonomist at SANBI) 
 
Academic taxonomist (You are a taxonomist working in an academic 
institution, e.g. a University) 
 
South African taxonomist based in South Africa (SA) who described at least 
one SA native species 
 
South African taxonomist based outside South Africa (SA) who described at 
least one SA native species 
 





Part 2-----Taxonomic activities 
1. What is your taxonomic specialization: List all taxonomic groups you are 
working on; e.g. legume, Aizoaceae, etc. 
     _________________________________________________________________ 
 
2. What SA biome type does your taxonomic work focus on? 
Savannah Albany 
thicket 









3. Years of experience as a taxonomist since you described your first species 
 ______________________________________ 
 
4. How many species have you described during your career? 
______________________________________________________________ 
 
5. Based on your experience, how many species do you think are still missing or 
unknown in South Africa’s flora?   
_____________________________________________________________________ 
 
6. Publications: How many taxonomic papers have you published during your 
career? ___________________________________ 
 
7. What is your estimate of the average number of people (collaborators/field 
assistants, etc.) who contributed to the description of ONE species that you 
have described (from when the species was spotted to when it was described 
and published)? _____________________________________________________ 
 
8. Expenditure for taxonomic activities (Provide the best rough estimate you 
can) 
8.1. Provide a rough estimate of the average monthly salary received since you 




SANBI, ARC, etc. 
























8.2. Please provide a rough estimate (in Rand or US$) of the total grants you have 
secured during your career specifically for taxonomic studies (grants that 





8.2.1. If you are non-South African taxonomist but have described at least 
one species in South Africa, please include in your expenditure 





9. Are there any suggestions and comments you have that can assist in the 





10. Do you know of any other taxonomists based in SA or abroad who might 
have described at least 1 SA native species? If yes, please provide me with 

















Appendix 3: Responses from Taxonomists 


















Collaborators Income Funding 







20 rev 6 genera 
+ 30 species 








Male 50-59 PhD (Prof) Active Academic 
taxonomist (SA) 




25 n/a ~200 177 two to three n/a 4 
million 
+ 
Male 60+ PhD (Prof) Active Academic 
taxonomist (SA) 
University Fabaceae, Apiaceae 
 
35 85 new 
apecies 







Male 40-49 PhD Active Academic 
taxonomist  






















Male 50-59 PhD (Ass. 
Prof.) 















30 100 relatively a 
few 












12 5 cant say 8 5 40 000 - 
50 000 
nil 
Male 50-59 PhD Active Academic 
taxonomist (In 
SA but a Non 
SA) 








































Savannah 25 6 ~3000 21 3 5 000- 10 
000 
none 






8 1 Many 9 1 20 000- 
30 000 
60 000 







Grasslands 13 13 ~2000 23 3 20 000 - 
30 000 
400 000 





Aloes, ferns and 
lycophytes 
All 11 4 a few 100 67 4 30 000 - 
40 000 
600 000 










2 2 Not sure 2 4 10 000 - 
20 000 
450 000 
Male 50-59 Masters Active Academic 
taxonomist (SA) 
University Hyacinthaceae Albany 
thicket 
25 12 Don't 
know 
20 2 10 000 - 
20 000 
nil 
























Grassland 30 10 + some 
new genera 





















Appendix 4: Data trend (1696 – 2019) 
Year Number_species Number_authors 
1696 1 1 
1752 1 1 
1753 72 7 
1754 1 1 
1757 1 1 
1759 9 2 
1760 15 3 
1762 11 2 
1763 9 2 
1764 1 1 
1766 7 2 
1767 45 8 
1768 20 3 
1769 1 1 
1771 29 9 
1772 1 1 
1774 1 1 
1775 1 1 
1776 1 1 
1777 1 1 
1778 6 1 
1779 3 1 
1780 3 1 
1781 10 2 
1782 100 5 
1783 4 2 
1784 2 1 
1785 3 1 
1786 8 3 
1787 2 1 
1788 10 4 
1789 43 8 
1790 3 1 
1791 6 2 
1792 8 3 
1793 2 1 
1794 38 11 
1795 1 1 
1796 5 2 
1797 23 7 
1798 17 6 
1799 19 5 
97 
 
1800 126 13 
1801 3 1 
1802 67 14 
1803 20 9 
1804 24 7 
1805 12 3 
1806 9 5 
1807 8 3 
1808 5 2 
1809 40 17 
1810 56 18 
1811 12 2 
1812 12 4 
1813 4 2 
1814 4 3 
1815 3 2 
1816 3 1 
1816 1 1 
1817 7 4 
1818 17 3 
1819 16 7 
1820 8 3 
1821 23 11 
1822 15 7 
1823 11 6 
1824 67 12 
1825 34 5 
1826 32 6 
1827 21 5 
1828 9 3 
1829 8 2 
1830 39 11 
1831 27 9 
1832 67 23 
1833 5 2 
1834 20 7 
1835 16 5 
1836 213 24 
1837 69 7 
1838 200 20 
1839 89 13 
1840 31 5 
1841 64 15 
1842 11 5 
98 
 
1843 41 12 
1844 22 7 
1845 16 5 
1846 26 9 
1847 12 4 
1848 32 11 
1849 5 2 
1850 15 4 
1851 5 3 
1852 9 5 
1853 2 1 
1854 9 6 
1855 3 2 
1856 41 16 
1857 52 15 
1858 9 4 
1859 5 3 
1860 100 15 
1861 5 3 
1862 75 11 
1863 6 3 
1864 3 2 
1865 69 19 
1866 11 7 
1867 3 2 
1868 20 9 
1869 4 1 
1870 10 3 
1871 6 2 
1872 2 1 
1873 6 2 
1874 5 2 
1875 11 6 
1876 13 4 
1877 11 7 
1878 11 3 
1879 2 2 
1880 9 7 
1881 17 14 
1882 23 9 
1883 15 6 
1884 8 5 
1885 20 16 
1886 4 3 
99 
 
1887 34 21 
1888 9 3 
1889 15 12 
1890 10 3 
1891 28 13 
1892 28 11 
1893 13 9 
1894 73 21 
1895 30 9 
1896 45 17 
1897 72 15 
1898 42 11 
1899 101 26 
1900 25 7 
1901 85 13 
1902 8 4 
1903 5 3 
1904 41 9 
1905 84 10 
1906 24 7 
1907 51 13 
1908 48 15 
1909 35 9 
1910 36 7 
1911 8 4 
1912 75 17 
1913 36 12 
1914 31 11 
1915 148 17 
1916 25 9 
1917 77 14 
1918 12 6 
1919 7 3 
1920 18 8 
1921 36 12 
1922 54 14 
1923 13 6 
1924 24 8 
1925 29 6 
1926 77 15 
1927 129 29 
1928 169 26 
1929 135 21 
1930 160 18 
100 
 
1931 98 16 
1932 120 14 
1933 65 9 
1934 70 11 
1935 59 9 
1936 68 7 
1937 69 8 
1938 63 6 
1939 91 9 
1940 41 8 
1941 54 11 
1942 98 14 
1943 26 9 
1944 23 7 
1945 19 8 
1946 24 7 
1947 31 5 
1948 40 10 
1949 27 6 
1950 78 14 
1951 34 11 
1952 29 9 
1953 23 7 
1954 75 15 
1955 25 5 
1956 10 4 
1957 10 5 
1958 53 16 
1959 65 14 
1960 44 10 
1961 41 9 
1962 59 14 
1963 94 18 
1964 38 7 
1965 29 9 
1966 42 11 
1967 64 8 
1968 77 15 
1969 51 13 
1970 22 9 
1971 42 12 
1972 160 19 
1973 99 17 
1974 48 11 
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1975 113 14 
1976 60 12 
1977 55 9 
1978 104 15 
1979 59 9 
1980 36 8 
1981 93 11 
1982 74 7 
1983 97 11 
1984 113 18 
1985 168 20 
1986 168 17 
1987 63 9 
1988 80 11 
1989 201 17 
1990 110 14 
1991 110 12 
1992 97 9 
1993 93 8 
1994 107 11 
1995 134 13 
1996 113 9 
1997 96 7 
1998 295 21 
1999 130 12 
2000 152 17 
2001 125 15 
2002 104 16 
2003 69 13 
2004 49 10 
2005 76 11 
2006 16 6 
2007 52 8 
2008 19 4 
2009 38 19 
2010 26 16 
2011 59 15 
2012 43 18 
2013 87 23 
2014 14 8 
2015 12 10 
2016 5 5 
2017 2 3 
2018 41 18 
102 
 





Appendix 5: R-scripts 
# representation of demographic data of respondents 
 
require(grDevices) 




pie.gender <- c(37,63) 
names(pie.gender) <- c("female-37%","male-63%") 
pie(pie.gender,col=c("red","blue"),main="distibution of taxonomists per 
gender") 
 
pie.age <- c(21,68,11) 
names(pie.age) <- c("young-21%","middle age-68%", "mature-11%") 
pie(pie.age,col=c("red","blue","green"),main="distibution of taxonomists per 
age") 
 
pie.acad.status <- c(32,26,21,5,16) 
names(pie.acad.status) <- c("Prof-32%","Dr-26%", "Ass-Prof-21%","Diploma-
5%","MSc-16%") 
pie(pie.acad.status,col=c("red","blue","green","purple","yellow"),main = 
"academic status/ranks of taxonomists") 
 
pie.primary_affiliation <- c(32,68) 
names(pie.primary_affiliation) <- c("Res. Inst-32%","Universities-68%") 






pie.biome <- c(9,7,20.5,20.5,11,16,16,0) 
names(pie.biome) <- c("Albany Thicket-9%","Forest-7%","Fynbos-
20.5%","Grassland-20.5%","Nama Karoo-11%","Savannah-16%","Succulent Karoo-
16%","Indian Ocean Costal Belt-0%") 
pie(pie.biome,col=c("red","blue","purple", "violetred1", "green3","cornsilk", 
"cyan", "white","yellow"),main="biome of research interest") 
 
 
# distribution of taxonomists per year of experience 
pie.year.exp <- c(16,42,37,5) 
names(pie.year.exp) <- c("<10(16%)","10-20(42%)","20-30(37%)",">30(5%)") 
pie(pie.year.exp,col=c("red","blue","purple", "violetred1"),main="years of 
experience in taxonomy") 
 
 
# distribution of taxonomists per year of experience 
pie.year.exp <- c(16,42,37,5) 
names(pie.year.exp) <- c("<10(16%)","10-20(42%)","20-30(37%)",">30(5%)") 
pie(pie.year.exp,col=c("red","blue","purple", "violetred1"),main="years of 
experience in taxonomy") 
 
 
# distribution of taxonomists per number of species described 






"violetred1","green3"),main="taxonomists per species described") 
 
 
# distribution of taxonomists per prediction of unknown species 




"violetred1","green3"),main="experts opinion on unknown species") 
 
 
# distribution of taxonomists per publication in taxonomy 




"violetred1","green3"),main="taxonomists per publications") 
 
# Prediction of number of unknown species in SA 
# Based on expert opinion 
data_questionnaire <- 
read.table("C:\\Users\\kowiyouy\\Desktop\\UJ\\MSc\\2019\\MSc 


















#Create basic line plots 
# Basic line plot of changes in number of species published over time 
 
ggplot(data = data_patience, aes(x = year, y = number_species),ylab="number 
species described")+ 
  geom_line(color = "#00AFBB", size = 2) 
 
# Basic line plot of changes in number of authors who published species over 
time 
ggplot(data = data_patience, aes(x = year, y = Number_authors),ylab="number 
authors")+ 
  geom_line(color = "#00AFBB", size = 2) 
 
#Plot multiple time series data 
#Here, we'll plot the variables psavert and uempmed by dates.  
#You should first reshape the data using the tidyr package: - Collapse psavert 
and uempmed values in the same column (new column).  
#R function: gather()[tidyr] - Create a grouping variable that with levels = 






###create the line plot of both number of species and number of authors in one 
graph. 
 
df <- data_patience %>% 
  select(year, number_species, Number_authors) %>% 
  gather(key = "variable", value = "value", -year) 
 
 
## Area plot 
ggplot(df, aes(x = year, y = value)) +  
  geom_area(aes(color = variable, fill = variable),  
            alpha = 0.5, position = position_dodge(0.8)) + 
  scale_color_manual(values = c("#00AFBB", "#E7B800","#FC4E07","#FF9999")) + 
  scale_fill_manual(values = c("#00AFBB", "#E7B800","#FC4E07","#FF9999")) 
 
 






model_species <- ugarchspec(variance.model = 
list(model="sGARCH",garchOrder=c(1,1)),mean.model = 
list(armaOrder=c(0,0)),distribution.model="std") #armaOrder=c(1,1) means we 
want to use the x for one day before and Y for 1 day before to predict current 
condition 
 
#fit the model 
number_species_Garch <- ugarchfit(spec=model_species,data=number_species) #AIC= 
10.048 
number_species_Predict <- ugarchboot(number_species_Garch,n.ahead = 10,method = 




number_species <- data_patience$number_species 
 
### 
model_species <- ugarchspec(variance.model = 
list(model="sGARCH",garchOrder=c(1,1)),mean.model = 
list(armaOrder=c(2,2)),distribution.model="std") #armaOrder=c(1,1) means we 
want to use the x for one day before and Y for 1 day before to predict current 
condition 
 
#fit the model 
number_species_Garch <- ugarchfit(spec=model_species,data=number_species) #AIC= 
9.5993 
number_species_Predict <- ugarchboot(number_species_Garch,n.ahead = 10,method = 









list(armaOrder=c(3,3)),distribution.model="std") #armaOrder=c(1,1) means we 
want to use the x for one day before and Y for 1 day before to predict current 
condition 
 
#fit the model 
number_species_Garch <- ugarchfit(spec=model_species,data=number_species) #AIC= 
9.5877 
number_species_Predict <- ugarchboot(number_species_Garch,n.ahead = 10,method = 




model_species <- ugarchspec(variance.model = 
list(model="sGARCH",garchOrder=c(1,1)),mean.model = 
list(armaOrder=c(4,4)),distribution.model="std") #armaOrder=c(1,1) means we 
want to use the x for one day before and Y for 1 day before to predict current 
condition 
 
#fit the model 
number_species_Garch <- ugarchfit(spec=model_species,data=number_species) #AIC= 
9.6035 
number_species_Predict <- ugarchboot(number_species_Garch,n.ahead = 10,method = 




model_species <- ugarchspec(variance.model = 
list(model="sGARCH",garchOrder=c(1,1)),mean.model = 
list(armaOrder=c(5,5)),distribution.model="std") #armaOrder=c(1,1) means we 
want to use the x for one day before and Y for 1 day before to predict current 
condition 
 
#fit the model 
number_species_Garch <- ugarchfit(spec=model_species,data=number_species) #AIC= 
9.6122 
number_species_Predict <- ugarchboot(number_species_Garch,n.ahead = 10,method = 




##best model identified 
model_species <- ugarchspec(variance.model = 
list(model="sGARCH",garchOrder=c(1,1)),mean.model = 
list(armaOrder=c(1,1)),distribution.model="std") #armaOrder=c(1,1) means we 
want to use the x for one day before and Y for 1 day before to predict current 
condition 
 
#fit the model 
number_species_Garch <- ugarchfit(spec=model_species,data=number_species) #AIC= 
9.5847 
number_species_Predict <- ugarchboot(number_species_Garch,n.ahead = 150,method 
= c("Partial","Full")[1])#n.ahead = 10 means we want to predict for 10 days 







number_species_Predict <- ugarchboot(number_species_Garch,n.ahead = 500,method 
= c("Partial","Full")[1])#n.ahead = 10 means we want to predict for 10 days 
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### predict number of authors 
 
number_species <- data_patience$number_species 
Number_authors <- data_patience$Number_authors 
### 
model_species <- ugarchspec(variance.model = 
list(model="sGARCH",garchOrder=c(1,1)),mean.model = 
list(armaOrder=c(2,2)),distribution.model="std") #armaOrder=c(1,1) means we 
want to use the x for one day before and Y for 1 day before to predict current 
condition 
model_authors <- ugarchspec(variance.model = 
list(model="sGARCH",garchOrder=c(1,1)),mean.model = 
list(armaOrder=c(2,2)),distribution.model="std") #armaOrder=c(1,1) means we 
want to use the x for one day before and Y for 1 day before to predict current 
condition 
 
#fit the model 
number_authors_Garch <- ugarchfit(spec=model_authors,data=Number_authors) #AIC= 
6.0371 
 
number_authors_Predict <- ugarchboot(number_authors_Garch,n.ahead = 150,method 
= c("Partial","Full")[1])#n.ahead = 10 means we want to predict for 10 days 
 
plot(number_authors_Predict,which=2) 
 
 
 
